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PREFACE 



“ On all great subjects, much remains to be said.” This is in 
several senses applicable to the study of the functional processes 
that occur in plants, and no apology is necessary for the pub- 
lication of a new book on this great subject. It is true that 
excellent recent and older works exist, but they are not 
numerous, and there is still room for several more in which the 
subject is treated from different standpoints and, with different 
objects in view. 

The present book has been written to assist students who 
wish to develop the knowledge of plant physiology that they 
have acquired in general courses on botany given in the higher 
forms at school or in the first year at a university. It is 
therefore hoped that it will prove useful to students of 
chemistry, physics, agriculture, and other subjects, who have 
acquired such knowledge, as well as to students who are making 
a special study of botany. It cannot be too strongly emphasized 
that there is immense scope for pioneering investigation for 
those who can apply in the field or in the laboratory modern 
knowledge of physics and chemistry to problems of plant 
physiology. 

The range and limits of this work and the plan adopted are 
indicated by the list of contents. A few additional remarks 
may prove helpful. The first point to note is that anyone 
competent to produce a complete work on the physiology of 
plants would require for his discussions the accommodation of 
several volumes, each of considerable size. I only accepted 
the invitation to write this book because the limits of size set 
—which my publishers have since generously allowed me to 
exceed— precluded my attenapting to treat the whole of the 
subject. I decided to confine my attention to the analysis of 
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the principal physiological processes that occur in green plants 
and to have in view the formulation in terms of physico’ 
chemical concepts of problems for further consideration by the 
reader. Even within these limits the treatment is far from 
complete. For instance very little attention is given to the 

physiology of development and none at all to the question of 
reproduction. 

Students who already possess some knowledge of the subiect 
should be able to read with understanding the chapters in the 
sequence in which they appear. ^ But it must be pointed out 
that as a result of the arrangement adopted it has sometimes 
been necessary to use for illustration in the earlier chapters 
facts and ideas that are more fully considered in a subsequent 

ample cross-references 
in the te.xt, and the index is of fair size. Sections on such 
aspects of organic chemistry and physical chemistry as have a 
bearing on the arguments in the main body of the book have 
been brought together in appendices I and II. In writing 
these I have been forced to assume in the reader an elementarv 
Knowledge of physics and chemistry. 

It IS hoped that when this book has been mastered the 
reader will derive increased profit from his study of larger or 
more^ advanced works, monographs, reviews, and accounts 
and discussions of original work in current periodicals I 
have not attempted to make this book a key to modern 
hterature. Other books, such as that of Barton-Wright ( 11 ) 
ru Advances ” series published by J. & A. 

Churchill Ltd., serve this purpose. For certain subjects, 
however, I have pointed out the sources from which more 
complete and original information may be obtained. The 
Italicized numbers appearing after the name of an author 

sf ofbSa.” '-Tr 
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refer the reader to the citation of a published work in the 
bibliography which constitutes appendix III- 
My sincere thanks are offered to my sister Dr. Nesta 
Ferguson, who has carefully and critically read the whole of 
the manuscript and proofs ; to Professor A. Ferguson for 
much valuable advice ; and to Dr. R. D, Haworth of Arm- 
strong College for the considerable help he gave me while I 
was writing appendix I and for reading the proofs of this 
appendix. All the illustrations in the book have been drawm 
by Mr. P. Gibson of the Department of Botany, Armstrong 
College. 
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PART I 

PROTOPLASM 

' CHAPTER I 

THE LIVING CELL AS A WHOLE 

A. The Biological Concept of Protoplasm 

The term life, used in some such sense as ‘‘ the active 
principle peculiar to animals and plants and common, to them 
all,” denotes an abstraction, for the active principle has so far 
eluded man’s powers of perceptual apprehension. The task 
of discussing this term must be left to philosophy, for biological 
science is an objective study, which starts by assuming the 
i existence of material things, and uses certain criteria to distin- 
guish living organisms, as material things, from non-living 
objects* It is not generally agreed that a sharp distinction 
I ■ between biological and physical science is justified by the data 

i, which have been acquired by observation and experiment. 

I. Some investigators have maintained that there is a gradual 
transition from non-living to living things (as defined below)^ 
and others that the gulf between these two classes has not been 
bridged in recent times. Possibly, however, all would agree 
to class as living organisms things that can grow by assimilating 
dissimilar substances in a specific manner, and display powers of 
reproduction, Le.^ of yielding progeny similar to the parental 
form or forms. 

Visible objects that could grow and multiply were in our 
earliest records described as living, but, with one or two notable 
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2 THE LIVING CELL AS A WHOLE 

exceptions {e.g., Leeuwenhoek, 1673), observers did not apply 
these criteria to distinguish between minute living and non- 
living objects when these were first seen as single units with 
the aid of the newly discovered microscope (Locy, 88 ■ 
Singer, 131). Knowledge of the internal structure of visible 
living organisms grew steadily in the seventeenth and eighteenth 
centuries, and, with the development of the achromatic 
microscope, rapidly m the early part of the nineteenth century. 
Furthermore, observations were again made on the behaviour 
of objects of microscopic dimensions and brought recognition 
of the existence of what we now term micro-organisms. 

Sturdy opposition had to be overcome before it was generally 
accepted that certain minute objects were living. Thus the 
nineteenth century was far advanced before Pasteur finally 
convinced certain chemists that the agents of fermentation 
and putrefaction must, on the score of their powers of growth 
and multiplication, be considered as living i (Huxley, 69) 
By then it was realized that all the known forms of living 
organisms, plant, animal, or plant-animal, large or small, simple 
or complex, automata or rational beings, are bound together 
in a single class, the living kingdom, by virtue of their 
possessing in eommon one kind of basic structure, and one 
md of active matter. This fundamental generalization, which 
was arrived at by drawing inferences from the data of observa- 
tion and experiment, correlated the display of vital phenomena 
with the occurrence in all organisms of an essential and concrete 
asis,^ whieh, unlike an “ active principle ” or a “ vegetable 
soul, could be subjected to closer scrutiny. 

The enunciation of the cell theory, in 1838, by Schleiden 
and. Schwann marked the beginning of a new phase in the 
progress of biological investigation, for the causation and 
control of vital phenomena in all living organisms were 

If therdo tLv musf h*" “nd grow and muitipty% 

ever comes^ objects, until such time (if it 

living StheZ-lfvSg distinguishing the 
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virtually attributed to the properties of their constituent 
cells. It was soon established for plants that, whereas a 
cell as a whole, including the cell-wall, is the basic unit of 
structure, it is the slimy mucus inside the cell- wall that is the 
1 active matter of the kind common to all living organisms, and 

i that in this mucus reside the causal factors governing the 

I vital phenomena that lead to specific growth and develop- 

I ment, and to reproduction. Thus, naked masses of mucus {e.g,, 

the zoospores of Vaucheria) had been observed to form cell- 
walls and give rise by growth and development to adult forms 
of well-known species. Von Mohl, in 1844, gave the name 
protoplasm to this mucus, and this name is still used to 
describe ail forms of “ living matter.” Previous observations 
on the distribution of cell mucus in plants and on its micro- 
scopic appearance were confirmed and extended. It was 
established that plants are built of living cells and dead cells, 
and a living cell was defined as a “ mass of protoplasm con- 
taining a nucleus.” ^ The foundations had been laid for those 
microscopical observations which have since revealed that 

( each cell, nucleus, and chromosome, in a multicellular organism 
cpmes from a pre-existing cell, nucleus, or chromosome, and 
* ultimately from a single nucleated mass of protoplasm. We 
now know that this initial living cell carries the factors of 
inheritance, which are derived from the parent or parents, and 
predetermine, within limits, what characters will develop, and 
I what will be the behaviour of the organism during subsequent 
growth. Nucleated protoplasm, then, governs growth and 
development, and, in the reproductive phase of the life-cycle, 
by forming the connecting link between successive generations, 
serves to perpetuate the general characters of the race to 
which an individual belongs. 

The simplest aggregation of matter in which these phenomena 
have been observed is protoplasm containing nuclear material. 
The living cell, as defined above, therefore represents one of the 
irreducible concepts of biology. 

^ At the present day, one adds, “ or nuclear material.” Cells, such as those 
of bacteria, which do not contain a well-defined nucleus, are thus included. 

1—2 ' 



4 THE LIVINO CELL AS A WHOLE 

B. The Functional Endowments of Living Cells 

^ By attnbutmg to the powers resident in protoplasm such 
increase in size and change of substance and form as occur 
during cell-division and differentiation, one assigns to proto- 
plasm the power of transforming matter and energy in a specific 
manner. Every initial living cell is a specific metabolizing 
system, and every living tissue produced during growth 
possesses specific metabolic powers. Protoplasm in growing 
repons assimilates some of the food material with which it is sup- 
phed and derives energy for this essential synthesis by oxidizing 
another part (pp. 179 and 229). Oxidations in whlh energj 
1 hberated occur in all living cells, and comprise the respiratory 
processes of cells. Respiration is thus one of the signs of lifo^ 

even dormant seeds show this sign. 

Some of the respiratory energy that is not used in vital 
processes is hberated as heat (p. 261). Recent work suggests that 
electrical energy as well as chemical and heat energy may be 
generated inside living cells. In Osterhout’s laboratory during 
the course of certain experiments on the marine alga Valonia 

from the large central vacuole, a 
persistent electromotive-force of approximately 14-5 millivolts 

Tell-war"'^ f protoplasmic film which lined the 

detect d IS ccenocyte. No electromotive-force was 

detected when killed cells were used. Consequently the 
generation of electrical energy in living cells has been de- 
scnbeu as a bio-electric phenomenon, and protoplasm as “ a 
c arging accumulator capable of doing work ’’ (Grav, 51^ 

p. M). *' ’ 

nowr^^r^ determines not only the specific metabolic 
powers that are developed by living tissues, but also the relative 
ease wfih which living cells allow substances to pass in and 
annear^Zr/ absorption, and specific elimination 
(chap IV B). endowments of protoplasm 

behaviomZZ'' growth, and the total 

rganisms, are not absolutely predetermined by 
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the factors of inheritance contained in the protoplasm. They 
are rather the products of the interplay between these factors, 
and certain significant environmental factors. The environ- 
ment is said to have a modifying influence upon the develop- 
ment and behaviour of growing organisms (p. 302). Thus the 
environment provides the matter and energy for the healthy 
growth of green plants, and, obviously, different environments 
may have different nutritive values for a given race. Certain 
of the environmental influences are grouped together as 
stimuli, for they evoke responses in which the amount of 
energy liberated greatly exceeds that brought into the reacting 
system by the inducing agent. Formative stimuli (p. 302), and 
those governing the orientation of plant-members or inducing 
movement (p. 837) will be considered later. Here we note that 
the power and mode of response are governed by what is termed 
the specific irritability of protoplasm. Protoplasm perceives 
stimuli, and changes, which lead to response, are wrought. 
Thus Chlamydomonas swims towards a unilateral source of 
light of moderate intensity, and Amceba ceases to show pseudo- 
podial movement and becomes spherical under the influence 
of an electrical stimulus. 

In addition to external stimuli, which cause induced 
responses, stimuli may be generated within living protoplasm. 
These will evoke autonomic responses. Such movements of 
Chlamydomonas and Amoeba as are not directed by external 
agencies may be described as autonomic. Other good examples 
of autonomic movements that are readily observed in living cells 
are the circulation of protoplasm in cells near the midrib of a 
leaf of Elodea, in the staminal hairs of Tradescantia sp., and in 
filaments of Nitella. The power of movement in response to 
internal or external stimuli is another of the signs of life, for 
such movement implies the presence of living irritable 
protoplasm. 

It appears then that two identical living cells, or two twin 
complex organisms that have been derived from a given kind of 
protoplasm, may exhibit striking differences in mode of growth 
jand general behaviour when placed under different environ- 
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mental conditions. This does not mean that protoplasm 

tundamenwiy ch=mged by J ag.™ ™ 

bM ,t doe. ™ean that protoplasm of a given kind ia eLo^rd 
mtb more extensive powers than can be KveoM by keeping 
It continually m a single environment of fixed composition. ^ ^ 

C. The Necessary Conditions for Protoplasmic Activity 

"metabolic processes that lead 

fo^d P?r iiTt 7 ^ transformed into 

tood. For this transformation to be effected at a sufficient 

tenths 650~700fip. must be incident upon the leaves In 
certain plants (e.g., green plants) growth (p. 313) ‘ and 
many associated processes (e.g., the circulation of protoilasm) 
cease under anaerobic conditions. Such aerobic mlants cail 
procure the necessary energy from food-stuffs onty in the 
p esence of oxygen. Tissues of many aerobic plants can 
however, keep alive for short periods in the absence^of oxygen ’ 
and return to full activity on re-exposure to air ; but prolonged 

as has often been found in attempts to prolong the lives of 
fruits and vegetables by storing them in pure nitrogen It is 

from the" abf^^ established whether protoplasm sufffrs directly 
from the absence of oxygen, or whether certain of the suh- 
stances produced during anaerobic metabolism (p. 274) aL 

Active protoplasm usually contains more than *90 per cent 
^o"unt tatb"^T 7*® ripening seeds), this 

Protoplasmic activity is considerably affected by changes in 
the temperature of the surroundings. InstructkttpSf^n 
may b. p„,„,med o„ a. dfac.s of .empemtme «7tS 
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(а) of circulation of protoplasm in the cells of Elodea, (b) of 
growth of bacteria on slopes of nutrient agar, and (c) of 
exosmosis of anthocyanin from the cells of red beet ^three 
phenomena depending' upon protoplasmic activity — and 
it will be found that protoplasm maintains its powers un- 
impaired only between certain temperatures. Thus pro- 
longed exposure to temperatures greater than 40° C. causes 
irreparable injury. The higher the temperature the more 
rapidly is protoplasm killed ; 50° C. has often been cited as 
approximately the death temperature of protoplasm, but it 
is now realized that the effect of temperature cannot be dis- 
sociated from the duration of exposure (p. 313), and one may 
state that, as a rule, protoplasmic activity can only be main- 
tained at temperatures between 0° C. and 40° C. ^ A rise of 
temperature augments all forms of activity until a temperature 
injurious to protoplasm is reached, when activity diminishes. 

Low temperatures, but above 0° C., may have obscure 
effects upon protoplasmic activity, some of which may lead to 
injury and death. For example, no explanation can as yet be 
given of the facts (a) that a certain minimum temperature, 
which varies from plant to plant, is necessary for growth, and 

(б) that certain varieties of apple turn brown prematurely 
when stored at temperatures lower than 5° C. At temperatures 
below 0° C.,® living cells may suffer from frost-injury, especially 
if a period of severe frost is followed by a rapid thaw. For 
instance, exosmosis of anthocyanin takes place rapidly from the 
cells of a red beetroot which is subjected for a few hours to the 
temperature* of a salt-ice freezing mixture, and is subsequently 
transferred to a temperature of 20° C. 

The resistance of protoplasm to the injurious effects of low 
and high temperatures increases as the water-content is reduced. 
Thus dry bacterial spores have been kept at the temperature of 
liquid air (— 191'5° C.) without loss of vital powers, and 

See Pfefler ( 110 ), vol. II, p. 75, for data for different plants, including 
thermophile bacteria and certain algae that can live in hot springs. 

2 It should be noted that the freezing-point of cell sap is lower than that 
of water, and will depend upon the concentrations of solute molecules 

dissolved in the sap. 
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temperatures greater than 100° r 

such spores. A simple illustrative experiment^S^S F 

plants IS to compare the effect, on theiLuSeaLnf 

capacity, of exnosina rlr,r if germinat on 

temperatoes';?. ;!^^ ' high 

Experiments on seed germination (p. 311) and nn tVi 
exosmosis of the sap from cells nf 

show that protoplasmic endowments /PP • 63 and 65 ) 

a narrow range of hvXln e^ f maintained within only 

a suitable balance between TonovIlentTnd^ dtd^T ' 
environmental solutions ^ ^ bivalent 10ns m 

requirement, mentioned above). Implicit ^0 ^ 

or toxic substance is the fact that narcotic 

be retarded or temporarilvinhibl i activity may 

killed by certain cLm; ^ °^*^at protoplasm may be 

the »/«, "Moh „.ay l, p„, J i„' 

of carbon dioxide in relativelv hf”l ^*^,'** presence 

may narcotize certain seeds and concentrations in the soil 

(p. U8) : and it has long lien knolTthal'' °f*™ancy 
other metallic ions kill r,r!J 7 ? ocrlain 

Wicides Of spmyi„g.ndL 1 eTr 4 tl“^^^^ “ 

a formafec^M^nc^^feTT' 

(‘■i: for green ptas 

spectrum) is also « rt^s ^ blue-violet end of the 

full powers of growing hVin7celk!'^'*'‘'“ 

Tb f .1 ^ Sub-cellular Functional Units 

.pe„t'::?rct“-r’;iis'^ ^ *» '=«'> 

unit and physiological process "it '°So^ structural 

Whereas we regard the ceh as tb be noted that 

allow that only nuZudZ^^l 

the structural units which ^tL^thl multiply, 

processes may be of sub-eellular 

“ *” Pfo-S. and des»ibe what is found 
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in suitable terms, than to attempt the elucidation of the 
structure and mode of action of minute protoplasmic machines. 
Nevertheless, analysis of protoplasm has been attempted, and 
proceeds in several ways. The observation and description 
of what may be discerned with the aid of the microscope in 
living cells at rest and in activity is included in the subject- 
matter of cytology. In books on this subject Sharp 129) 
will be found full descriptions of the structural heterogeneity of 
typical living plant-cells — of the cytoplasm and such visible 
structures as plastids and mitochondria, and of the nucleus 
with its constituent parts. The structure and mode of action 
of certain of these microscopically visible sub-cellular units 
of function {e.g,, chloroplasts) will be considered in later 
chapters. It should be noted that genetics is a branch of 
physiology, and the chromosome theory of heredity is one 
which assigns to sub-cellular units within chromosomes func- 
tions of carrying the factors of inheritance from parents to 
offspring and of governing the modes of interplay between 
organism and environment that come into action during growth 
and development. 

But it is usual, nowadays, owing to the rapidity with which 
it has developed, to study genetics as a separate subject, and 
a good choice of books is available (Babcock and Clausen, 6 ; 
Punnett, 118 ; Sansome and Philp, 127), 

Another way of analyzing protoplasm and the parts recog- 
nized by cytologists, viz., the physico-chemical way, comes 
within the province of physiology. The aim of physiologists, 
who approach the concrete object, living cell, with a view to 
analysis, is to narrow the gap betw^een the biological concept 
of protoplasm and the physico-chemical concepts of matter 
and energy. Those generalizations which resume the properties 
of inanimate objects are used to describe the properties of 
the parts of living objects. Attempts are thus made to describe 
the workings of whole cells in terms of the co-ordinated 
physico-chemical activities of their parts. 


I 


CHAPTER II 

the physico-chemical heterogeneity of 

PROTOPLASM 
A. Gross Chemical Analysis 

the physical state of thf ft/ ^ ^ composition and 

ehemlal analy ^of ^ross 

and killed in Sl/s w/vstaf various sources 

which has led to micro-chemical^''/^'^ valuable information, 
tion of substances in the micros the distribu- 

living cells (section Cl onfl f ■ ^ visible structures in 

the phys caT S^^^^^ "^g^^^ents concerning 

example! the Isldfa ot ^or 

nucleated protoplasm i to<r th which consist of 

metabolic products of diveSe Wtiln 

occasions been analyzed. The r ^®'Ve on several 

Lepeschkin are 

^’■alym of fe plaom^i „j. 

varians) 

A. Organic substances. 

(i.) Water soluble. 

Monosaccharides . <iTy weight.* 

Proteins . ^ * * / ‘ 14-2 

A“i”0-“*,pran«,a;pa„gi„e,rt,. .' jJ.J 

O' -«» & fcfcW P».ogh..„ „ 

■ in ... ,' 


was 82-6. 
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(ii.) Insoluble. 

Nucleoprotein . • . ■ • 

Free nucleic acid . . 

Globulin 

Lipoprotein .... 

Neutral fats .... 

Phytosterol. .... 

Phosphatides .... 

Polysaccharides, pigments, resins, etc. 
B. Mineral matter ..... 


Per cent, 
dry weight. 

. 32-3 

2- 5 

0- 5 
4-8 
6-8 

. 3-2 

1- 3 

3- 5 

4- 4 


It is assumed that the insoluble organic substances, other 
than those in the polysaccharide group, form the basis of the 
executive structural units in protoplasm, since they have all 
been detected in a wide range of plant-cells and animal-cells. It 
should be noted that these organic compounds are always 
associated with mineral matter in solution, and the presence of 
free ions of potassium, calcium, magnesium, iron, chlorine, 
sulphate, and phosphate, may be essential for the activity of 
protoplasm. 

Other substances, which do not appear in such an analysis 
table, are probably invariably present, and form an essential 
part of the working mechanism of living cells. Thus haemo- 
chromogens cytochrome), and the tripeptide glutathione, 
appear to be essential components of the respiratory mechanisms 
that actuate vital processes. In green cells, the chloroplast 
pigments might be included among the executive substances, 
seeing that they are essential for photosynthesis. This para- 
graph would be considerably extended were precise information 
available concerning the chemical nature of enzymes, co- 
enzymes, activators, etc. 

It is noteworthy that there is always a preponderance of ^ 
hydrogen ions over hydroxyl ions in plant-sap. Indeed, there 
is some evidence that the pH often fluctuates between 4 and 6. 
The isoelectric points of many proteins also lie between these 
pH values. Cell-sap is usually on the acid side of the iso- 
electric points, but, in spite of the presence of buffer-substances, 
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Buildings are constructed according to plan from bricks and 
mortar ; machines, in fulfilment of design, from spare parts ; 
protoplasm, then, one may imagine, grows by the production 
and coming together of molecules and micella in a fashion 
that is governed by the inheritance of the race to which the 
protoplasm belongs. It is a highly significant fact that the 
number of different living structures that might be constructed 
from the classes of substances found in protoplasm greatly 
exceeds the number of races of living organisms which now 
exist, or have existed in the past and are now extinct. For 
instance, the protein group comprises an immense number of 
distinct individuals (p. 426), and certain delicate precipitation 
tests have indicated that differences may be detected in the 
proteins of two races of the same species. Racial differences 
must be attributed to structural design as well as to chemical 
differences in the building material. There will be variation in 
ultra-microscopical structures as w^ell as in those structures in 
the nucleus and cytoplasm w^hich can be studied with the 
microscope. It is clear that an almost infinite number of 
distinct structural forms might i be constructed from the 
large number of molecules present even in the smallest living 
cell,^ by using for each constructive operation different numbers 
of molecules and putting together those selected for use in 
different ways. One may sum up by stating that the term 
protoplasm, when used in a physico-chemical sense, connotes a 
kind of material, infinitely variable, but always built on a 
similar general plan from molecules belonging to a limited 

^ l.e., did man possess such powers of manipulation as would permit 
Mm to work with individual molecules as a builder works with bricks. In 
passing we may note here that since man does not possess such ultra- 
delicate powers, it would be idle for him to attempt the synthesis of any 
given form of protoplasm, man’s or amoeba’s. It is conceivable, however, 
that molecules might by chance come together under natural forces under 
experimental conditions, so as to yield structural forms capable of gro^yth 
and multiplication. It is highly improbable, however, that such forms 
would exhibit kinship to existing forms of protoplasm, the products of 
natural causation through the ages. 

® For example, Haldane (^T', p. 178) has calculated that a single 
yeast cell may contain as many as 150,000 molecules of saccharase (inver- 
tase). This enzyme is only one of the many enzymic and other com- 
ponents of the protoplasm of yeast. 
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with osmic acid, a reagent which darkens substances con- 
taining unsaturated fatty-acids. Moreover, their smooth even 
outlines recall the so-called myelin figures seen when water 
is added to lecithin. 

The or game compounds in resting and dividing nuclei* The 
presence of protein in nuclei can readily be demonstrated with 
Millon’s and other reagents. Macro-chemical methods indicate 
that some of the protein occurs in association with nucleic acid 
as nucleoprotein. Thus this alkali-soluble conjugate-protein 
has been found in relative abundance in animal cells (e.g., 
sperm-heads of fish) and in plant- cells {e,g,, yeast and wheat 
embryos) in which the ratio of the volume of nucleus to the 
volume of cell is high. 

Nucleoproteins differ from ordinary proteins in not being 
digested by gastric juice (pepsin in the presence of decinormal 
hydrochloric acid). They are, however, soluble in alkalies and 
sodium phosphate, and are digested by pancreatic juice 
(trypsin in alkaline solution). Zacharias, in 1881, published the 
first of a series of papers in which he reported the results of 
certain micro-chemical experiments on plant-cells. He stated 
that the material in the nuclei of the epidermal cells of 
Tradescantia virginica, Ranunculus lingua^ and certain other 
species, showed the properties of nucleoprotein towards gastric 
and pancreatic juices, alkalies and sodium phosphate.^ Similar 
experiments performed by other workers confirmed these 
findings, and for many years it has been widely held that the 
chromatin material of resting nuclei, and of chromosomes of 
dividing nuclei, consists for the most part of nucleoprotein. 
Recent experiments performed by Earl (4^) gave results which 
accord with this view. He made serial sections of the root- 
tips of beans, and treated the fixed protoplasm with one per 
cent, pepsin in decinormal hydrochloric acid. Subsequent 

^ The protein in the nucleus was spoken of in the time of Zacharias as 
nuclein. He reported that in the cytoplasm there was yet another pro- 
tein, insoluble in gastric juice. This he called plastin. He stated that the 
other proteins in cytoplasm and in nucleoli were digested by gastric juice. 
But Wager in 1904 asserted that he found proteins insoluble in gastric 
juice, and containing phosphorus, in the nucleoli of Phaseolus cells. 
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observing the effects of lipoid-solvents (e.g., chloroform, ben- 
zene, and amyl alcohol) and of lipoid-stains {e.g,, Sudan III, 
and chlorophyll tincture) on nuclear and cytoplasmic structures. 
With the lipoid-stains they succeeded in staining the nuclear 
reticulum, chromosomes, nucleolus, spindle-fibres, and parts 
of the cytoplasm. They also found that lipoid-solvents 
dissolved nuclei and chromosomes, and, by applying Feulgen’s 
test, showed that nucleic acid was thus set free and became 
disseminated throughout the cell. There appears, therefore, 
to be a variety of evidence that chromosomes, like the rest of 
the cell, are chemically heterogeneous. 

D. The Physical Properties of Protoplasm 

Protoplasm as a heterogeneous liquid syste^n. Protoplasm 
usually contains more than 90 per cent, water, and in active 
cells shows many of the physical properties of liquids. Without 
question one must regard protoplasm as liquid when it allows 
Brownian movement of suspended particles- or is capable of 
flowing in a cell. Moreover, it has been observed that when 
certain cells are ruptured the extruded protoplasm is miscible 
with water, and that no phase-boundaries are formed when 
water is injected into whole living cells. 

We may directly infer from our knowledge of its chemical 
composition that protoplasm in the liquid state, although 
optically homogeneous, must actually be “an extraordinary 
complex heterogeneous system of numerous phases and com- 
ponents ” (Bayliss, 14). It has the properties of a complex 
hydrosol with disperse phases composed of molecules and 
molecular aggregates (micelte) of proteins, lipoids, etc., and a 
continuous phase of a crystalloidal solution containing many 
different solutes, both electrolytes and non-electrolytes. 

It has for many years been generally agreed that vital 
phenomena are in some way bound up with the properties of 
matter in the colloidal state. More recently it has been 
suggested that mechanical and electrical adsorption (p. 443), 
and the forces determining the orientation of molecules at 
phase-boundaries (p. 444), may cause order to develop in 
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Furthermore, the viscosity of protoplasm when in the liquid 
state as plasmasol is not of fixed magnitude. The viscosity of 
plant protoplasm has been measured in a number of ways. For 
example, determinations have been made by measuring the 
rate of protoplasmic streaming, the rate of fall of starch grains, 
the rate of movement in an electric field of nickel particles 
introduced into cells, and the displacement of particles showing 
Brownian movement. For many years it was supposed that 



TEMPERATURE 

Fig* 1. — Graph showing the effect of temperature on the viscosity 
of protoplasm. (From Baas Becking.) 

plasmasol is always highly viscous, even more viscous than 
castor oil, which is one thousand times as viscous as water. 
But Heilbronn concluded from his measurements of the velocity 

be impaired by the gelation of plasmasols. Stiles (74d) has severely 
criticized the view that viscosity may govern the velocity of certain 
metabolic changes by affecting the rates of diffusion of the reactive solutes. 
It appears that solutes diffuse nearly as rapidly in gels as in sols. One 
must admit, however, that we do not yet know whether convection currents, 
or other forms of mass movement of particles, play a part in distributing 
metabolites in cells. If they do, it is conceivable that viscosity may at 
limes have a considerable indirect effect on the rate of metabolic events. 




hetjebooeneity of PBOTOPLASM 


And it must be realized that diverse stetT'm 

single cell. ^ states may coexist in a 

Alterations in the viscositv nf o • i 
effected in a variety of ways Thefn?"^ Plasmasol may be 
has been carefully studied Ld more temperature 

t^on has been obsLed. C trbe£:L7of 
of protoplasm resembles that ^ 

the viscosity steadily diminishes with systems, in that 

Baas Becking’s meiure^nts oAt temperature, 

plasm Spm„gy„ *‘P P~‘»- 

Viscosity increased only sliahtlv h t ^ t)- The 

higher temperatures it rosf shLnlv^T ^t 

and then fell sharply At tem« ^ ^ ^ maximum at 27 ° C., 

death-temperature! protpk7Tu7kT 

course, the viscosity rfees.i^ qmekly coagulates, and, of 
There appears to be good evidence th«t n 

coagulates under the influence nf i i i Protoplasm 

and other fat-solvents in hivh cr. ^ ^^^oroform, 

in low concentration may efuse a dec7'°"'’ ^^t-solvents 
external factors which L kno7? T Other 

plant-cells (chap. IV B) and nl ^ behaviour of 

hydrion-concentmtio; an7hfh , ""7 are the 

divalent monovalent 

viecosity ot protein byX “«“» the 



PLASMATIC MEMBRANES 


by the use of physical methods in experimental cytology (see 
Gray, 51). 

Plasmatic membranes. It has for many years been widely 
held that every protoplasmic mass is enveloped by a definite 
structural unit to which the name plasmatic membrane has been 
given. Thus it has been maintained that naked protoplasmic 
masses {e.g., Amoeba, zoospores, motile gametes) would become 
colloidally dispersed in water were not each mass surrounded by 
some sort of pellicle ; and it has been suggested that surface- 
tension films, such as might be produced by mechanical adsorp- 
tion at phase-boundaries (p. 443), would suffice for the main- 
tenance of the integrity of each mass. Such surface-tension 
films would be invisible even under the highest powers of the 
microscope. From certain electrical measurements it has been 
calculated that the thickness might be as low as 3 x 10“”^ cms, 
which is about the length of a single protein molecule. It is 
possible that such a plasmatic membrane would be a mono- 
molecular film. 

Physical arguments, in addition to supporting the view that 
plasmatic membranes exist, throw light on their composition. 
Thus it is probable that proteins, lipoids, and any other com- 
ponents of the complex protoplasmic hydrosol, that reduce 
interfacial tensions, would be adsorbed at interfaces. Certain 
experimental facts (see, e.g,, p. 62) can be explained if it is 
assumed that surface-tension films formed as a result of adsorp- 
tion are heterogeneous structures composed of cohering aqueous 
and non-aqueous phases—a sort of mosaic of lipoid substances 
with no affinity for water, and a proteinaceous hydrosol or 
hydrogel. 

It should be noted that for each vacuolated plant-cell there 
would be at least two films, viz., the outer plasmatic membrane 
between protoplasm and the wet cell-wall, and the inner plasmatic 
membrane between protoplasm and the vacuolar solution. 
Since the conditions at a phase-boundary will be governed by the 
composition of both phases, and since the composition of 
vacuolar solutions usually differs from that of the solution held 
by imbibition in cell- walls, one would expect the composition 
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containing lipoid. Clowes prepared a stable emulsion of oil 
in water by shaking olive oil with water and a sodium salt, and 
of water in oil when he used a calcium salt. Phase-reversals 
of aqueous and non-aqueous phases may thus be induced hy a 
change of balance between monovalent and divalent ions in the 
environment of protoplasts. Other physico-chemical effects, 
such as the dispersing effect on proteins of salts of monovalent 
metals and the tendency shown by calcium to combine with con- 
stituents of the plasmatic membranes, may affect the behaviour 
of plasmatic membranes under certain conditions. And it must 
be remembered that proteinaceous hydrosol or hydrogel systems 
undergo spontaneous changes on keeping (pp. 428, 440) ; so to 
speak, they age. The idea that plasmatic membranes exist arose 
from physico-chemical arguments. As physico-chemical know- 
ledge has grown, pari passu the idea has been elaborated. It 
must be remembered, however, that with the further growth of 
knowledge the idea may prove no longer tenable, and may be 
replaced by a new concept of the physical structure of 
cytoplasm. 
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protoplasm AS A CHEMICALLY ACTIVE SYSTEM 

A. Enzymes as Units of Chemical AcHvity 
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in vitro may therefore be applied to describe more precisely 
the metabolic events that occur in whole cells. 


B. The Separation aw! Concentration of Enzym es 

Most enzymes are solub le in water, ^ a nd certai n enzymes 
{e.g,, the exo-enzymes of saprophytes) re adily diffuse out^of 
living cells I but many are tenaciously held by substances in 
c93s7or protected by membranes, and cannot be separated in 
appreciable amounts until cells have been subjected to prepara- 
tive treatment. Extraction by water, dilute glycerine (in 
which solvent enzymes appear to be more soluble and stable 
than in water), or dilute acid or alkali, is facilitated if cells have 
previously been dried, frozen and allowed to thaw, plasmolyzed, 
or allowed to autolyze, so as to disintegrate cell-structures and 
render membranes more permeable. For example, emulsin 
readily passes out from well-ground dry kernels of sweet almond 
when these are placed in dilute alkali ; and a good yield of 
invertase can be obtained from yeast that has been allowed to 
autolyze in the presence of toluene or chloroform for a few days. 

Very special interest attaches to the first separation of 
zymase from yeast, for alcoholic fermentations had previously 
been attributed to the activity of whole cells. Buchner (1897) 
destroyed cell-structure by grinding yeast wuth a fine siliceous 
earth called kieselguhr, and then, by subjecting the resulting 
gritty paste to a pressure of 500 atmospheres in a hydraulic 
press, squeezed out a cell-free juice which possessed fermentative 
power. The enzyme responsible for fermentation was called 
zymase, and it has since been shown that it is present with many 
other enzymes {e.g,, invertase, emulsin, maltase, protease, 
peroxidase, catalase, reductase) in the powder called zymin, 
which is obtained by treating yeast cells with acetone and 
ether, and then drying the solid residue. 

The first enzymic product separated from living cells alw^ays 
consists of a mixture of several enzymes and a host of accoiti- 


> It is usually stated, however, that plant lipase is insoluble in water. 
It has been suggested that either the enzyme itself is proteinaceous and 
insoluble, or is adsorbed on an insoluble proteinaceous bearer. 
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Table I. Concentration of enzymes 

Ricinus lipase . . 100 Jack Bean urease . . 730 

Almond glucosidase 60 Horse-radish peroxidase 20,000 

Yeast saccharase . , 1,200 Aspergillus amylase .. 30 

It has for many years been the practice to concentrate 
certain enzymes malt diastase) by first adding alcohol to 
an aqueous extract of macerated tissue (e.g., germinating 
barley) and then collecting the precipitate. This usually shows 
greater activity per unit mass than the original tissue.^ Various 
methods (e.g., fractional precipitation with alcohol, tannic acid, 
the salts of heavy metals, and solutions at different pH values ; 
simple dialysis ; electrodialysis ; and differential inhibition or 
inactivation) have been employed in separating one enzyme 
from another, and in subsequent purification. But above all 
adsorption has proved the most widely applicable method. 
Enzymes dispersed in aqueous solutions can, under suitable 
conditions, be adsorbed on the surfaces of certain substances 
(^^.g., varieties of aluminium hydroxide, kaolin, charcoal). It 
seems that adsorption is partly governed by electrical forces, 
for “the enzyme can generally, though not always, be eluted 
from the adsorbent by altering the pH and the charge on 
the enzyme, adsorbent, or both.’’ Thus enzymes which are 
adsorbed in an acid reaction may be eluted with dilute alkalies. 
Another method of elution is to displace the adsorbed enzyme 
by a substance for which the adsorbent shows higher chemical 
affinity. Thus phosphate acts as an eluent for alumina 
adsorbates, owing to the formation of aluminium phosphate. 

Using adsorption methods, WillstMter and his co-workers 
have made notable advances, particularly in the direction of 
purifying plant-peroxidase and invertase (see Haldane, 
and Waldschmidt-Leitz, 158). But our knowledge of the 
chemical composition of enzymes remains obscure. Many of 
the purest preparations give no reaction for protein. For 

^ A simple illustrative exercise is to determine the times taken by equal 
masses of crude malt and purified diastase to cause starch to disappear 
completely from a given volume of a solution of given strength. Diastatic 
activity will be inversely proportional to the time. 
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possessed intense urease activity. By recrystallization Ji 
prepared octahedral crystals which remained constant in 
composition and urease activity when subiected T. f .u 
processes of purification. Henc^e he concluS^^^^ 

ler s view that enzymes are single chemical eompound; An 
aitenalive interpretation has been offered, viz., that crease 
t Itsclt not a protein, but is tenaciously adsorbed on TmI 
hzabl. protein, which acts as a proleetive eoiloM tL Si 

Scl ot an enzyml T a 

.ssoei.t7w:tt7c^LMalT.^,“'’*'““ 


c. Notes^njndivi^ 

enz^es^*^ y"^^^^ ' ' group are included those 

enymes (e.g., esterasgs, carbohvdra se.s proteolvtic 

^raidaggs) wli ich catalyze hy rlrnlYgial ' -Iffie®. 

are catalyzed by cistert,.... P-“5fiS-§cids.andmIco^ 

f and germinating ste-pAa 

coIomed^uS4)7stp“rphS°“^^ a 
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in a weak ly alkal ine solution , while the former ^ displays 
activity only m acid solution, the optim um pH beinjsr 4 i7 to,5iQ. 

a lllMngjcdlg* YeMt„,aerv:es ' 
as a iisgfiil source of the enzym e. I t effects the hy d rolysis of 
hexosephosphates to hexose and phos phoric acid. It may also 
on other organic phosjAat es^ ru^eptides, phytin . 

Chlor ophullase is present in green leayeg^ujlcleayes chl orophyl l. 
In^e„pcesenee^^^^ ethyl alcohol, eth yl chloro phyllid, which is 
crystallizable^a-pxaduced^^^ 

^ II- CARBQHYDRASES. Iii this group it is convenient to 
separate the polyases, which hydrolyze polysaccharides, from 
the glycosidases, w hich cause hydrolytic cleavage of glycosid ic 
linkages inT diTaha tri-sacchafides. It must be noted, however, 
th5F~ p>oiyS^es may act on glycosidic linkages in the giant 
polysaccharide molecules. 

(^*) PoxYASES. Amylases or diastases are probably present 
in all living cells that contain starch. Their occurrence in 
germinating barley or in amyliferous leaves {e.g.y those of 
leguminous plants) is easily demonstrated. In certain leaves, 
however, the presence of tannins may depress activity. Malt 
amylase is obtained from germinating barley.)^ In mtro it 
catalyzes the hydrolysis of starch with the production of 
erythrodextrin, achroodextrin, and maltose. It is easy by 
experiment to demonstrate the successive disappearance of 
starch and erythrodextrin, substances which respectively give 
blue and red colours with iodine, and the production of the 
reducing sugar maltose, which yields a characteristic osazone. 
In such experiments about 25 per cent, of the products of 
hydrolysis consists of achroodextrin, which is insoluble in 
alcohol, and consequently can be readily separated from 
maltose. Amylases are probably compounded of several 
enzymes, and there is evidence that one component acts on 
amylose and another on amylopectin. In the presence of a 
thermo-stable substance of unknown composition, which is 
known as complement, amylases show extended activity. 


% 


^ Some authorities regard the lipase iu resting seeds as a pro-enzyme or 
zymogen, which is activated by hydrogen ions. 
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Theyihen readily hydrolyze dextrin. Possiblv th^ r + 4.1. 
dextrins are never found in the free statl ' ■ 

complement. ^ ^ ^ source of 

It hydrolyzes cellulose to^form glucose 
mtermediate product. iwlia««^/occurs’in 1 2^" 
germinating seeds (e p baricvi n i and some 

' eellobiose. ("•^•’ barley). It cleaves lichenin to form 

Hemicellulases or cytases are found in seeds (e p \ 
contain hemicelluloses as reserve food T+ ie that 

group wilJ be «„,ved into sell^^^^fudivalr ““ 

«uce cytees cn cleave galaX 1 1 r'”' 

mannans to form mannose thev m ^ ™ galactose, and 
tanases and mannanases. ’ InJme w'bf ““d 
aprouting bode of storageKT™' ? “ I" 

.«».a.bebydto,yS^?S“l^;rr“ ” 

in the cells of h4Sr plMto!^L'‘!rjb^'r^L *“ 
seeing that maltose is never found in tb! f enzyme, 

(P- 214). Maltase hydrolyzes this disan 
It may also hydrolyze Ther .if ^ 

glucoside). Emulsin Lcurs in aImfLr and h 
^-glucosides {e.g., amygdalin salicin\ ^ ^y*ofyzcs many 
least two enzymes namelv ” .7 ; ' compounded of at 

p™^in to foto, glucciXSdeMeTdXdto “ ''“T 

(Which IS volatile and may be detected Iv /l T'' 
of etoulain to^^S 

properties ofthepronase component ' ““"bated to the 

<*0W„ that it hydro, yaes emie-sa^ar (a nowLhf 
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•which does not form osazones) to reducing sugars from which 
glucosazone can be prepared. The hydrolysis may be followed 
•with a polarimeter. Cane-sugar is lavo-rotatory, and the 
mixture of the products of hydrolysis, viz., equal amounts 
’ of glucose and fructose, dextro-rotatory, since glucose is more 
dextro-rotatory than fructose is Ijevo-rotatory. Because of the 
change of rotation this mixture -was termed invert-sugar, the 
hydrolysis ■was described as an inversion, and the enzyme 
received the name invertase. Invertase can also act on 
trisaccharides containing the same linkage between glucose^and 


fructose as occurs in cane-sugar. For example, raffinose is 
hydrolyzed to fructose and melibiose. Mclibicisc has been 
detected in almonds. It hydrolyzes melibiose into glucose and 
galactose, and cleaves the linkage between glucose and galactose 
in raffinose, so yielding cane-sugar and galactose as products of 
hydrolysis. CelloMase is associated with lichenase in the cells 
of green plants. It hydrolyzes cellobiose to glucose. 

III. PROTEOLYTIC ENZYMES. All enzymes which take 


part in the hydrolysis of proteins to peptones, polypeptides, and 
amino-acids, belong to this group, and possess in common 
the . power of effecting the hydrolytic cleavage of the 
polypeptide linkage with the formation of free amino- and 
carboxylic groups. Until recently they were divided into two 
classes, viz., the pepsins and the erepsins. It was supposed that 


the pepsins hydrolyze proteins to peptones, and the erepsins, 
peptones to amino-acids. At present a division into proteases 
and peptidases appears to be favoured. 

Proteases are easily detected in resting and germinating seeds, 
green leaves, etc., by their power of dissolving proteins {e.g., 
blood-fibrin). Not only do they dissolve but they hydrolyze 
proteins with the formation of polypeptides. Certain proteases, 
for example papain of the melon tree (Carica papaya), and 
bromelin of the pineapple, have for long been separated from 
other enzymes of this class because of their peculiar properties. 
Thus recent researches have shown that papain in the presence 
of hydrogen cyanide, which acts as a co-enzyme, can hydrolyze 
polypeptides, i.e., whereas proteins can undergo hydrolysis only 




tJdJtjMIOAL ACTIVITY 




as far as polypeptides in the presence of papain amino a.M 
papain-hydrocyanic acid is employed 
Peptidases are associated with proteases in hesL^ 
germmatmg seeds, green leaves, etc. 

proteins, but act on the products formed by the actit^'I? 
proteases on proteins. It was at one time thought tZ 

Zf i T""!; *he second phase i^ 

piQtein degradation, viz. that hv 

produced. Speoillo peptidases have been 1000^^81^* cS' 
«d yeast and it is probable that shnilar en™ “ ‘if f 

in the higher nlaiits Tn ArAoci- ? . J present 

pentides to fA ^ Polypeptidase cleaves poly- 

further hydrolyr, wSbbe"rLteTatL*S“''^^^^^^ * 

i“r.ht ■” 

ucted hrb'ro*rtr rpt;:r:'“rtrr 

which IS soluble in amyl alcohol. ^ ^ product, 

deZidttiontf^Zd2'^"\^''^^“^" hydrolytic 

Thus ureZ wtXTt'f Z" 

hydrolyzes urea to form carbon dZZ ^ Pinnt-tissues, 

asparaginase, which i<? u nmmonia ; and 

J^y^yaes aspara^„e to tor. a^'^S’e 

^f irTtiot ,;isXhaTr“- ■.? “ -» 

in a reversible reS“v 

Of the reactants. Reno! ZTiZjMZt^^ 

densation reaction, hydrolysis wZh Z^ hydrolysis ^ con- 

dilute solution, and condensation 1 “ 1 ^ ^lu^rt 

enzymes as catalvQtQ , ‘'long solution. Now 

reyersible reactions to the saZZtentZrth^^'^^^V 

the final equilibrated state. Consequently it^ to affect 

van’t Hoff (1898) that hvrlrriivrf ^ ^ appeared to 

conditions LtalyZrea^^^^^^^^ 

the same year Cry.im tZ 1 a synthesis. In 

yearprott Hdl, then a medical student, established this 


SYNTHESES BY ENZYMES 


33 


contention by experiment, when he synthesized maltose from a 
strong solution of glucose under the agency of yeast maltase. 
Later investigations have shown that Croft-Hill’s condensate 
was a mixture of maltose and iso-maltose, and that the produc- 
tion of the latter form, a jS-glucoside, was attributable to the 
presence of emulsin in the enzyme preparation used. Owing 
principally to the work of Bourquelot and Bridel, it is now 
clear that emulsin (or its component prunase) is capable #f 
synthesizing the same ^-glucoside as it hydrolyzes, and that 
maltase can synthesize other a-glucosides besides maltose. 
Thus it appears that the specificity of hydrolytic enzymes 
extends to the products of hydrolyses as well as to condensates. 

Other syntheses which have been established beyond doubt 
and much investigated (see Bayliss, 13) are those of esters 
(<?.g., amyl butyrate) and fats (^.g., tri-olein) by lipase. At 
various times it has been asserted that syntheses have been 
effected by invertase, proteases, and other hydrolytic enzymes, 
but the evidence is not yet generally accepted as satisfactory. 
Experimental investigations present great difficulties, because in 
aqueous solutions in vitro hydrolysis rather than synthesis is 
favoured. But as Bayliss {loc. ciL) has pointed out, even a 
small amount of synthesis may be of great importance, since, 
in a living cell, the condensate may be removed by further 
metabolism, diffusion, precipitation, etc., as soon as it is 
produced. Under such circumstances condensation rather than 
hydrolysis would be favoured. Moreover, it may be that in 
synthesis by enzymes is promoted in certain phases of 
protopiasra (^.g., lipoid phases) owing to the fact that only a 
small amount of chemically active water is present. 

The zymme’^omplex and fermentation. Our object in the 
present sub-section is to make clear that, though knowledge of 
zymase is still incomplete, biochemical analysis has definitely 
revealed that it is a complex system, consisting of (1) an 
indiffusible thermo-labile component, apo-zymase, which is 
compounded of phosphatase, glycolase, oxido-reductases 
(mutases), and carboxylase ; and (2) diffusible thermostable 
components, viz., co-zymase, an organic component, and 

THOMAS’S PLANT PHYS. 2 
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;^n.sium ions. Enchnor gave the name zyvia,e to the f.r 
Zymase IS also present in aymin, the Msidne left after tratinn 

yeaat mth acetone and ether. This enzyme system whiSfe 

d “ ““ 'leaves d-glucose 

c?-fructose, and d-mannose, with the production of etfivl qT i J 

mid eimbon dioxide.. It does not dJecti~ 

aiden and Young (see Harden, 59) discovered that 
zymase IS compounded of a thermo-labile part (now called nnf 
zymase) and a thermo-stable part {co-zymase). Neither part is' 
active singly. Co-zymase is diffusible and may bfsepLa ed 
from apo-zymase by means of a gelatine filter. Attempts We 
been made to purify co-zymase, and it appears Sail HT 

I' recently been 

oirrnssrr™?;-^ - " 

tinned activffy If ^e’ SnlrutTnTheU^^^^^^ 
inorganic phosphate in the reaetimr m^Hnirw an 

phosphorjdation of hexose su2s iTl i' 
an essential part, leads to the^formation of hexZ"^^*^ ^ 
phoates and hexosediphosphates. hexosemonophos- 

+ 2R3HPO, ^ CeH,oO,(PO,R,), + 2H,0 

C,H,A + RaHPO, ^tC,H,,0,(P0,R3)^ + H,0. 

Alcoholic fermentation proceeds simultaneously (Harden, 60 ) ■ 

W.O, = 2CO, + 2C,H50H. 

and of yeast 

organism has extensive chemical pj,4rs When ^ 1 ° ^“inentation, but the 
glucose, the end-products arenas statpH 

products, e.g., the so-called fusel-oi]<! max k But many other 

instead of zymase. These products’ hnw^ * farmed when yeast is used 
not from fermentatLS’froS^^?^^^^^ be considered as 
with the growth of yeast. Thii teeWs associated 

degradation of proteins, under the aoene probably formed by the 
oxido-reductases, etc. agency of proteases, deaminases,*^ 

Their ' 
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Morgan and Robison have recently shown that whether one 
starts with glucose or fructose the hexosediphosphate resulting 
from phosphorylation is a derivative of y-fructose or fructo- 
furanose (see p. 897). The hexosephosphates may be hydro- 
lyzed by phosphatase (see esterases, p. 28) or undergo 
glycolytic cleavage under the agency of the glycolase component 
of the apo-zymase complex, with the production of methyl- 
glyoxal. Neuberg has succeeded in obtaining a high yield of 
methyl-glyoxal from magnesium hexosediphosphate, under 
conditions wdiich inhibit mutases (see p. 216). 

CJlM'POMg )2 = 2C3H4O2 + SMgHPO^. 

He suggested that when the whole zymase system is active, a 
portion of the methyl-glyoxal, under the agency of the oxido- 
reductases {mutases)^ undergoes a Cannizzaro transformation 
(dismutation, or hydrolytic oxidation-reduction) into glycerol 
and pyruvic acid : 

CHa : C(OH).CHO -j- H^O + hJo -f CH^ : C(OH).CHO 
= CH2OH . CHOH . CHgOH + CH3 . CO . COOH. 

Now it has long been known that cells capable of fermenting 
sugars contain an enzyme, carboxylase^ which can cleave certain 
a-ketonic acids. Thus it decarboxylates pyruvic acid with the 
production of acetaldehyde and carbon dioxide : 

CH3.CO.COOH = CH3.CHO -f COg. 

It is supposed that all the carbon dioxide of fermentation is 
produced by this decarboxylation. 

Neuberg has obtained good experimental evidence (p. 214) 
that acetaldehyde is the immediate precursor of ethyl alcohol, 
and has suggested that reduction is effected by a Cannizzaro 
reaction, under the agency of an oxido-reductase, between 
acetaldehyde and such methyl-glyoxal as has not undergone 
the fate described above. 


GHXHO 


= C2H5OH 


+ CH3.CO.CHO 
CH3CO.COOH. 


The ethyl alcohol accumulates as an end-product of fermenta- 
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decarboxylated ; thus carbon 
dioxide IS again liberated and accumulates, and the acetalde 
hyde combines with a fresh supply of methyl-glyoxal produced 
y further glycolysis. Accordingly fermentation will continue 
until all the fermentable sugar has been used up.i 
Ensymea concerned with oxidattons and reductions. Many 
substances which are stable in the presence of molecular oxyo'en 
rapidly undergo aerobic oxidation in living cells. It Ls 
consequently been inferred that every living cell contains 
enzymes which oecaaion oxidation by activating either oxidiz* 
able substances, or molecular oxygen or some other oxidizing 
agent. Excepting when oxidation occurs by the addition of 
molecular oxygen— apparently a rare event in living cells— the 
oxidizable substance, in effecting oxidations, becomes reduced 
(see p. 380). Thus the same enzyme system may be concerned 
with oxidation and reduction. For example, there is present 
^ w u f potato tissue an enzyme which oxidizes certain 
aldehydes (e.g., acetaldehyde) in the presence of nitrates, with 
t le reduction of the latter to nitrites. Fairly detailed con- 
sideration IS given elsewhere (chap. XIV, section G) to the 
enzyine systems which may play a part in the respiratory 
oxidation of carbohydrates. Furthermore, in chap. XI 
section F, it is pointed out that oxidation and reduction may 
participate in the metabolic events by which food materials are 
changed into the substances of which a plant is composed • but 
we do not yet know the exact part played in these constructive 
e-vents by the oxido-reductases that have been studied in vitro 
It can readily be demonstrated, however, that protoplasm 
possesses powers of oxidation. About fifty per cent, of the 
igher plants can effect the aerobic oxidation of gum-guaiacum 
(a substance which is not autoxidizable) dissolved in alcohol, and 
a b ue product is formed. There can be separated from such 
plants (e.g., potato) an enzyme system which effects the direct 
ueing of guaiacum in the presence of oxygen. It is called the 
dtrect-oxzdase system. Cells possessing this type of system 

Meyerhofs views concerning the chemistry of fermentation see 
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become discoloured after injury. Thus bro^n colours may 
develop as a result of the enzymic oxidation of polyphenohc 
substances dissolved in cell-sap {e.g., in autolyzmg cherry 
laurel leaves) ; and other tissues {e.g., potato, broad bean) may 
turn first red and then black owing to the action of a peculiar 
oxidase tyrosinase wbicli oxidizes tyrosine. 

It appears that these direct oxidases, of which there are 
many varieties, are complex systems. They have been the 
subject of extensive work, and some controversy (see Onslow, 
102, chap. III). Resulting from the work first of Onslow 
and later of Szent-Gyorgyi it is now established that a 
system termed catechol-oxidase is responsible for the direct 
blueing of guaiacum, and the oxidation of polyphenols. A 
comparable system, but presumably of different composition, 
is present in yeast, bacteria, and the cells of higher animals. It 
can effect the oxidation of the so-called nadi reagent (a mixture 
of a-naphthol and diphenylamine) to indophenol blue, and 
has therefore been called the indophenol oxidase. Keilin, 
having shown that in the presence of molecular oxygen indo- 
phenol oxidase can oxidize reduced cytochrome, has attached 
great importance to this system in his explanation of the 
mechanism of cellular oxidations. Onslow, however, has 
emphasized the fact that the parallel system, viz., catechol- 
oxidase, only occurs in about fifty per cent, of the higher plants. 

Cells of those plants {e.g., horse-radish) which cannot directly 
occasion the aerobic oxidation of gum-guaiacum, in common 
with all living cells, contain an enzyme peroxidase which 
activates hydrogen peroxide, and thereby greatly enhances the 
oxidizing powers of this substance. For example, neither 
horse-radish root alone nor hydrogen peroxide alone can oxidize 
guaiacum, but a blue colour develops if both guaiacum and 
hydrogen peroxide are applied to the cut surface of horse-radish 
root. Coloured products are also given if phenolic substances 
(g.g., pyrogailol, c quinol), benzidine, or j 9 -phenylene 

diamine, are used instead of guaiacum. A highly purified 
enzyme, which shows peroxidase properties, has been prepared 
from horse-radish (p. 28). 


; 
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Plante containing peroxidase, but not direct oxid,.. a 
classed as indirea-«dda,e plants, because Set 111 
b «e guaiaeun, untU hydrogen peroxide has been c”°a‘ 
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ing to this view the -i oxidases. Accord- 

would be compounded of a^TiT^h colour changes 

molecular oxygen, and peroxidase^*" compound, oxygenase, 

m uto «y«tems 

methylene blue (MB) as an helped by the use of 

this dye is con^eS intoTi:! ^^duction 

has been found Jhat ^^ Now it 

certain living cells (e g vea^f"^ri rapidly reduced by 
g (e.g., yeast) under anaerobic conditions. It 
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is supposed that such cells contain oxidizahle substances (AHg) 
with labile hydrogen atoms which are activated by dehydrase^ 
(dehvdrogenase, oxido-reductase) enzymes, and, donating y ro- 
gen to f hydrogen-acceptor {e.g., methylene blue), are, as a 
result, themselves oxidized : 

Certain oxidizable substances may be removed from ceUs and 
tissues by washing with water. Then by adding selected su - 
stances, potential hydrogen-donators, to the washed cells or 
tissues, the types of dehydrase enzymes present may be 
determined. For instance, Thunberg has found that the seeds of 
species of mallow, orange, and plum decolourize methylene blue 
in the presence of oxalates, and inferred that the cells con- 
tained an oxaUcdehydrase. Further, he reported the presence 
of malic-, formic-, and mccinic-dehydrases m the seeds of the 
runner bean, and of eitric-dehydrase in the seeds of cucumber. ^ 
In living cells substances such as oxidized cytochrome and 
oxidized glutathione act as hydrogen-acceptors. Moreover, 
molecular oxygen itself may participate in cellular oxidations 
bv receiving hydrogen directly from an oxidizable metabolite 
(as in aerobic dehydrase-systems or from an intermediate 
carrier substance (as in anaerobic dehydrase-systems^). 
Hydrogen peroxide may in consequence be produced, and it is; 
probable that the enzyme catalase, which is invariably present 
in the cells of aerobic organisms, by decomposing the peroxide 
as soon as it is produced, has the functional value of prevent- 
ing this compound from exerting a toxic effect : 


2H2O2 


2H20-f02. 


The probable existence of oxido-reductases, which effect 
hydrolytic oxidation and reduction has already been noted 
(p. 35). Definite proof has been obtained by Neuberg and 
others of the presence in yeast and the higher plants of an 
oxido-reductase which can convert methyl-glyoxal into lactic 


1 See p. 290. 
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CH3.C0.CH0 + HP«^^ 

It is not yet clear what part this enzyme plays in the meta- 
ohsm of plants, but it has been suggested that its presence as a 
component of myo-zymase is responsible for the production 
of lactic acid in the muscle tissue of animals. 

D. Enzymes as Thermo-labile, Colloidal, Biochemical Catalysts 
showing Specificity. ’ 

that have been separated from living cells appear 
to fulfil the principal requirements of a catalyst, in that without 
hemselves serving as the sources of the end-products, they 
e her accelerate reactions which can proceed spontaneously 
bbt slowly or promote reactions which could not occur in their 

durmg the course of a reaction, but the end-products are 
entirely derived from the substrate. Indeed, for^reactions of 
short duration, at moderate temperatures and constant and 
favourable p//, with a limited amount of substrate, the eoncen- 

f le reaction, t.e., the initial catalytic powers of the enzyme 
system remain unimpaired.! Hence a small amount of enzyme 
may possess and show prodigious powers. For example manv 
y«.r, .go it ... 0 b.etv«l that . Ld. pr.parXn l; S 

of an enzyme action, like that of any other 

Ifd tothat concentration of the suLtrate, 

Send tfes relations, which 

depend on these concentrations, temperature, pH, and often 

under unfevouSeTondMons!lueh\^^^ readily inactivated 

of a reaction. For examnle ic * arise during the course 

is gradually inactivated bVt^ivdm^en^nnf solution, and 

cleaves proteins into amino-adL in ^ enzyme 

inactivation is reverSwe for tr^tle solutions. This particular 
making the solutionSne? ^ by once more 
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„„ other factors, »e Tarious and cornpta 

enzyme actions, our knowledge IS stil o scu . f-o 

subject for much discussion 

Bayliss, 13; Haldane, 5?) and articles {e.g., Moelwyn 

“ &rcri2nt “hav^TOthat, if the reaction 
enryl is reversible, the enayme, like an 

accurate both reactions to about the same e^ent. Con 
ruTntiy, the posUion of e<i«iUbrium will not ^ appr,^ 
altered. It is important to note, howeverj_*a_^^.^^ 
which equilibrium is reached may be 

metabolic significance of these findings is discussed elsewhere 

^^’w?th few exceptions enzyme preparations do not dialyze, and 
estimations of their molecular weights i by physical metho 
(e.g., determinations of the rate of diffusion) have given figures 
ranging from 20,000 to 50,000, i.e. of the same order as the 
molecular weights assigned to egg-albumm starch, and other 
giant molecules. Enzymes, therefore, have alwa,ys been 
regarded as colloidal catalysts, which develop extensive active 
surfaces when dispersed in a reaction medium. It is supposed 
that enzymic reactions take place on these surfaces. Certain 
enzymes (e.g., lipase) can actually bring about chemical change 
when dispersed in liquids (e.g., water, or ethyl alcohol, for 
lipase) in which they are quite insoluble. Such enzymic 
reactions resemble surface-catalyses induced by certain metals 
(e.g., colloidal platinum). As might be expected, the degree of 
dispersion of enzymes appears to exercise an important influence 
on surface activity. Evidence exists that dispersion is affected 
by temperature, uud other environmental factors. 

But it can hardly be denied that chemical forces also govern 
and direct enzyme actions. Thus one may suppose that the 
whole surface of an enzymic micella or molecule is chemically 
active, or that there are active areas on the surface. The 
chemically active regions would possess affinities for and 

^ Evidently this term is used loosely, since it has not yet been definitely 
proved that enzymes are single chemical compounds. 
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powers of effecting change in its appropriate substrate or sub- 
strates. What may happen during the reaction is that the 
enzyme combines chemically with and activates the substrate 
whicK is then decomposed. The products of the reaction may 
have little affinity for the enzyme. Accordingly by diffusins 
from the enzyme surface, they would make room for further 
molecules of substrate. 

Enzymic activity may sometimes be reduced or stopped either 
by narcotics or by traces of inorganic poisons. It is supposed 
that substances {e.g., phenylurethane) included in the former 
class of inhibitors are adsorbed by enzymes, and so occupy the 
active surfaces to the exclusion of the substrate molecules 
Certain inorganic poisons {e.g., mercuric chloride) may act bv 
precipitating the dispersed enzyme. Others may combine 
chemically at the active centres, as happens, for example, when 
oxidation enzymes containing iron are inactivated by hydrogen 
cyanide or hydrogen sulphide. " . 

_ It has long been knovm that most enzymes, when dispersed 
n water at temperatures greater than about 50° C., are o'radu- 

£ hTt inactivated, z.e., they are thermo-labile. 

The higher the temperature the more rapid is the inactivation 
The enzymic powers of aqueous systems can usually be 
completely destroyed by boiling for a few minutes. When 
coagulation of protein accompanies inactivation there is 
evidently an enormous decrease of surface. Moreover, spon- 
taneous chemical changes may destroy active centres.^ It 
should be noted that temperature has another effect on enzyme 
action, VIZ., that of accelerating the chemical changes involved 
Such an accelerating effect occurs in all chemical reactions’ 

torn c?e££^f uncatalyzed. The value of the tempera- 
cient (see p. 238) is usually about 2. Up to a 
certain temperature, this effect predominates in a^ mven 
enzyme action, under defined conditions. Above "tlat 
temperature, the inactivation of the enzyme by heat 
becomes relatively more powerful, and conLquentty Se 
»h„Ie process i, rrtarded. The temperature af which 
these two opposing effects ot heal balance has been 
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described as the optimum temperature. This, however, is not 
a constant, even for a given enzyme preparation. It varies 
according to the conditions of the experiment, the time- 
factor (see p. 270) playing an important part. In experi- 
mental work enzyme actions are usually hastened by allowing 
them to progress at temperatures between 30° C. and 40° C. 

In recent years it has been established that the 'pH of the 
medium may have far-reaching effects upon enzyme activity. 
An unfavourable pH may destroy enzymic properties : 
yeast invertase undergoes fairly rapid inactivation at pH 
values less than 3. Optimum values of pH have been 
determined for certain enzyme preparations under defined 
conditions, and lie, for certain plant-enzymes, between 4 and 5, 
a range not infrequently met %vith in plant-cells. Doubtless 
one effect of pH is upon the dispersion of ampholytic com- 
ponents {e.g,^ proteins, see p. 427) of enzyme preparations, but 
electrical effects concerned with the mode of ionization of 
ampholytes or the adsorption of hydrogen or hydroxyl ions 
may also play a part. It is possible that some form of chemical 
change occurs at active centres, when enzymes are irreversibly 
inactivated in solutions which are too acid or too alkaline. 

The term specificity of enzymes implies that the chemical 
structure of substrates exerts an influence on enzymic cata- 
lyses. There is no universal enzyme which can act on all 
metabolites, and Nature has not been so lavish as to produce 
a specific enzyme for every metabolite. Simplifying what is 
an exceedingly complex analytical study (see Haldane, loc, cit., 
chap. VI), one may state that individual enzymes have been 
separated which appear to be specific either for a single com- 
pound (but this is rare), or for a single type of chemical linkage 
which may occur in many different compounds. Catalase may 
be cited as an enzyme which appears to be specific for a single 
compound, viz., hydrogen peroxide. Usually, however, an 
individual enzyme can act on more than one compound (see 
notes on enzymes, section C). Linkages which are attacked by 
a given enzyme may be sparsely distributed among metabolites, 
or the name of possible metabolites may be legion. All 
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Apo-zymase itself is complex ; among other active com- 
ponents, it contains glycolase which is specific for hexose- 
phosphates, and carboxylase, which acts only on certain 
a-ketonic acids {e.g., pyruvic acid). 

E/ The Ordered Metabolism of Whole Cells, and Autolysis 

Complex enzyme systems, such as zymase, may be regarded 
as fragments of protoplasm which have escaped disintegration 
during the processes of extraction and purification. Certain 
complex systems for the existence of which there is good 
evidence, e.g,, the cytochrome oxidation system, dehydrase- 
cytochrome-oxidase (p. 293), have not yet been separated as 
wholes. It may be that a more complex fragment consisting 
of the whole cytochrome system, together with zymase, would 
effect the complete aerobic oxidation of sugar, in vitro. Con- 
tinuing with this conception of synthesis from active fragments, 
we arrive at the conclusion that the whole protoplasm is com- 
pounded of thermo-labile complex systems and single enzymes, 
and of associated physiologically active substances {e.g., hydro- 
gen ions, activators, inhibitors, etc.). Thus zymin contains 
zymase, invertase, emulsin, protease, peroxidase, dehydrases, 
etc., i.e., a single cell may accommodate many different 
enzymes. The extensive enzymic surfaces in the colloidal 
protoplasm of any given cell will, owing to their specificity, 
direct metabolism along certain lines : for example, glucose is 
fermented by yeast, yielding alcohol and carbon dioxide, but is 
cleaved to lactic acid by myozymase in the muscle cells of 
animals. It is probable that anabolic as well as catabolic events 
are governed by these surfaces, i.e., enzymic micellae govern 
specific syntheses as well as specific degradations. Accordingly, 
under favourable conditions in vivo^ syntheses by enzymes such 
as invertase, emulsin, pepsin, may be more efficient than in 
uifro, and enzymic syntheses that could not be foreshadowed 
by studying the results of single enzymes in vitro, may govern 
and direct growth processes. It is evident that during growth 
the balance between anabolism and catabolism is in favour of 
the former. Now anabolism requires energy. Apart from 
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the absorption of solar energy by green cells, it is the ener-^v 
released m catabolic processes, in particular in respiratory 
oxidations that is used. Hence it may be inferred that in the 
whole protoplasm enzjune systems may be coupled to each 
other in such a manner as to enable centres of synthesis to 
obtain and use the energy liberated elsewhere. If this is 
granted it follows that it will be found impossible to carry out 
ceitain biochemical syntheses in vitro until such time as the 
proper coupled systems are assembled under suitable conditions 
^ Fma ly, we note that ordered metabolism in a cell is governed 
not only by the specifieity of enzymes, and the coupling of 
anabolic and catabolic processes, but also by the phyfical 
structure of protoplasm, which may regulate the migrLion of 
substrate molecules, and, consequently, the order and rate of 
enymic changes Injury to cell-structure leads to disordered 
metabolism, which is often called autolytic metabolism or auto- 
y s and end-products, which are not normally present in 
healthy cells, may accumulate. Thus, owing to the hydrolysis 
of prulaurasin by prunase, hydrogen cyanide is produced' by 
cherry laurel leaves autolyzing in chloroform vapour. Further^ 
more glycosides may be hydrolyzed under natural conditions 
s cells age and die. For instance, coumarin-glucosides yield 
c-coumarin in the dying cells of harvested sweet vernal Sals 
and of the shoots of sweet woodruff in the late spring." In 

of storage 

leafs T metLlism may 

lead to the accumulation of considerable amounts of ethS 

alcohol and small amounts of acetaldehyde. It has bSn 

suggested that such spontaneous^ induceLlterationSin the 

p ysieal structure of protoplasm disturb the normal relations 

unregulated zymasis. Very striking colour changes often 

oxidation systems (direct-oxidase, tyrosinase efp ^ ot u 
strates (polyphenols, tj^sine, etc.), and oxygen,’ which’ when 
brought together, yield brown, red. blue oTbkck oSd^on 
products, do not commingle in healthy cells, and that obstacles 
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to the free diffusion of suitable substrates and dissolved oxygen 
are removed by injury to the physical structure of the proto- 
plasm. In fine, a comparison of normal metabolism with 
autolysis compels belief in the controlling influence the physical 
nro-aiiization of protoplasm exerts on the total chemical behaviour 
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CHAPTER IV 


THE VACUOLATED CELL AS AN OSMOTIC 
SYSTEM 1 

Plant-cells cannot absorb solids. They are dependent for 
their vital activities on a continuous supply of nutritive liquid 
and of water-soluble gases. T he properties of non-livnig cell- 
walls and of protoplas mic n'i^branes""gQvem the passage of ^ 

wafexTindT Sterm solute molecules can enter or leave & ^ 

^ng-paM-cells. ^ 

A. The Water Relations of a Vacuolated Cell^ ^ 

The osmotic pressure of cell-sap, A vacuolated living | 

plant-cell may be regarded as an osmotic system. Like a [ 

parchment membrane, the cellulose cell-wall imbibes water, | 

and the wet wall readily allows the passage of water and I 

solute molecules in crystalloidal solution. But for our dis- 
cussions in this section the permeability of the fully imbibed 
nucleated protoplast that lines this wall in vacuolated cells is, 
for simplicity, compared with that of a porous pot impregnated 
with copper ferrocyanide, we shall consider that a healthy 
protoplast possesses the properties of a truly semi-permeable 
membrane. Actually many vacuolar substances can pass in 
and out through protoplasts, but, as a rule, only at a slow rate 
(see section B). Since by comparison water passes rapidly, 
our assumption that protoplasm is a semipermeable membrane 
often approaches the truth. 

The cell-sap of plants consists of many solutes (a.g., mole- 
cules of glucose, fructose, and cane-sugar, and molecules and 

1 This chapter should be read in conjunction with Appendix II, sections 
DandE. 

» Non- vacuolated cells meristematic tissue) of plants imbibe 

water and swell, in a manner analogous to the swelling of gelatin (p. 439). 

' 4 ^ ■■ 'V, ■■ 
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pressure is immersed in a hyperto^ solution of cane- 
sugar of known osmotic pressure '^ell-sap and bathing 
solution can become isotonic by the exosmosis of water, and in 
this way only if the protoplast is semi-permeable. Cell- mem- 
branes differ from rigid pots in being elastic, and exosmosis at 
first causes the whole cell to shrink. Let us suppose that the 
volume of the wdiole cell thus diminishes froni an initial value 
Vj to a minimum value Vq,^ and that the osmotic pressure of 
the sap increases to Pq. At this minimum volume the proto- 
plast is just pressing against the cell-wall over the whole surface 
of the latter, i.e,, the cell Just possesses turgor. Further 
exosmosis occurs, however, 
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protoplast, which is highly Fig. 2.~-Changes in the osmotic i)res- 
elastic, will withdraw from 
the cell-wall. Plasmolysis 

has occurred ; the cell has lost its turgor, and there is a space 
between protoplast and wall that is filled with the bathing 
solution (see fig. 2). 

Plasmolysis is readily demonstrated with pigmented cells. 
Thus plastid pigments make the shrinking protoplasts easy to 
see. And plasmolysis is readily observed in red and blue tissues, 
since healthy protoplasm is impermeable to anthocyanins ; it 
should be noticed that the colour intensifies owing to the 
diminution in the volume of the cell-sap. Plasmolysis continues 
until the cell-sap becomes isotonic with the bathing solution.^ 

^ This magnitude is determined by the mechanical properties of the cell- 
wall. The amount of contraction (Vi— V q) often differs for cells from 
comparable tissues of different plants. This fact probably possesses 
ecological significance (see p. 111). ' 

^ If, as is usual, the volume of the bathing solution greatly exceeds that 
of the tissue, we may neglect the volume of water that has passed out from 
the cells during plasmolysis, and state that equilibrium is reached when 
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(fig. 4). Finally, a state is reached when S becomes zero, 
because T = P. The cell has attained its maximum volume 
(V) ; it is fully turgid (see fig. 3). 

For a cell taken from a land plant, V is usually markedly 
greater than the original volume (Vi) of the cell when removed 
from the plant. Under natural conditions tissues of land plants 
are rarely fully turgid, and expand when placed in water : e.g., 
the diameters of circular discs of carrot root increase, and the 
hydrostatic pressures that are developed often fractme the 



Fig. 4. — Changes in the magnitudes of osmotic pressure, suction 
pressure, and turgor pressure, accompanying changes in volume 
of cell-sap. {From Thoday, 162, modified.) 

discs. It should be noticed that only at full turgidity does the 
hydrostatic pressure of the cell-sap (i.e., turgor pressure) become 
equal to the osmotic pressure of the sap. Thus when we stated 
(p« 50) that the osmotic pressure of the sap of halophytes 
sometimes exceeds 150 atmospheres, we did not imply that 
the hydrostatic pressure in the cells even approached this high 
value. These plants live in salt-water, and would have to be 
transferred to pure water for full turgor to be developed. 
Actually, the cells would be killed by the high pressures 
developed, long before they became fully turgid. 

For cells in media other than pure water, forces other than 
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Elsewhere (p. 458) we point out that in physical systems with 
crystalloidal solutions inside permeable membranes and pure 
water outside, endosmosis of water is al-ways accompanied by 
exosmosis of solute. Hence it appears that the movements of 
solute and solvent are controlled by different casual factors. 
Nevertheless the diffusion of a solute, by altering the osmotic 
pressure of solutions on two sides of a membrane, may bring 
about secondary movements of water. 

We have seen that positive suction pressures occasion the 
passage of water into cells, and in the present section we shall 
consider, among other matters, the factors that govern the 
absorption of solutes (viz., the permeability of cell-membranes, 
the steepness of the diffusion gradients from source to sink, and 
the fate of the diffusing solute at the sink). 

The permeubility of cellulose cell^tvalls. It is supposed 
that cell-'walls, like collodion or parchment membranes 
(p. 434), readily permit the passage of substances in crystal- 
loidal solution but do not allow that of solutes in colloidal 
solution.^ 

Plasmolysis experiments confirm the view that inorganic 
salts, sugars, and other solutes can pass through cell-w^alls ; for 
the solutes must reach the outer surface of the shrinking proto- 
plast to bring about the exosmosis of water from the cell-sap. 
Also, it can be showm that the exosmosis of soluble vacuolar 
pigments, sugars, and other substances, is not stopped by cell- 
walls when the protoplasm of plant-cells (e.g., cells of red beet) 
is injured by raising the temperature above 40° C., by treating 
the ceils with chloroform, or by immersing the cells in decinormal 
acid or alkali. So far as we know none of these conditions, 
which are injurious to protoplasm, affects the normal properties 
of cell-w^alls. 

The experimental investigation of the permeability of proto^ 
plasmic membranes. We cannot by studying the behaviour 


^ When eelhwalls become lignified, cutinized, or suberized, or when they 
become associated with hemi-celluloses or mucilage, their permeability 
alters. Some non-living dermal coverings actually become semi-permeable, 
e.g., the pericarp of barley grains is semi-permeable towards dilute 
sulphuric acid. 
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(5) Visible or easily detected changes in cells. We cannot 
conclude from the results of experiments of the type 
described in {a) that protoplasts have been penetrated by the 
solutes that are absorbed or excreted, for, conceivably, inter- 
change might have taken place between the cell-wall and the 
external solution. For certain solute particles, penetration into 
the vacuolar sap is readily demonstrated with the aid of a 
microscope. Thus we may observe that, first, an intense blue 
colour appears, and then a blue precipitate gradually accumu- 
lates in the vacuoles of Spirogyra or in the mesophyll cells of 
many green leaves when filaments of the alga or sections of the 
leaves are kept in dilute aqueous solutions of methylene blue. 
By direct observation the permeability of plant-cells towards 
other coloured solutes has been tested, and informative results 
have been obtained. 

Several types of visible or readily detected change may result 
from the penetration of non-pigmented solute particles. Thus 
crystals of calcium oxalate are produced when calcium ions 
reach the vacuoles of the cells in the roots of Dianthus barbatus, 
because the sap in these cells contains free oxalic acid. Caffeine 
penetrates rapidly into the vacuoles of Spirogyra and combines 
with phenolic substances to yield a grey precipitate. Changes 
in the colour of the petals of certain flowers may be brought 
about by injecting the intercellular spaces with weakly acidic 
or weakly alkaline solutions. Starch- formation in certain 
leaves, which have been floated in the dark on solutions of sugars 
and other organic solutes (p. 218), demonstrates that these 
solutes reach the plastids of the cells. 

(c) Plasmolysis experiments. If a cell when immersed in a 
hypertonic bathing solution of a single substance becomes 
plasmolyzed, one may infer that the protoplast is more per- 
meable to water than to the dissolved solute. It is not neces- 
sary that the protoplast should be quite impermeable to the 
solute. Plasmolysis might, indeed, be brought about by a 
strongly hypertonic solution of a solute to which the proto- 
plasm is readily permeable, provided the living membrane were 
relatively more permeable to water. Two very important facts 
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Again, the isotonic coefficient obtained by physical methods 
would differ from that determined by plasmolytic methods. 

Numbers for the relative permeability of a given protoplast 
to different solutes have been obtained from the relation p = 

1 — i'ji, jx being the coefficient of permeability in respect to the 
solute under investigation, i the isotonic coefficient as deter- 
mined by a physical method, and i' the isotonic coefficient as 
calculated from the results of plasmolysis experiments. For a 
solute in a solution to which the protoplast is truly semi- 
permeable, i = i\ and therefore /x is zero. For a solute to 
which the protoplast is permeable, i' will be less than i, and fx 
will work out at some positive value between zero and unity. 
The fraction i'li will diminish as the protoplast shows increasing 
permeability to individual solutes in a set of solutions contain- 
ing different solutes, Le,, ft will approach unity. 

(ii.) Plasmolysis followed by deplasmolysis. When the 
protoplast of a cell undergoing plasmolysis in a hypertonic 
solution of a single salt has reached maximum contraction, the 
osmotic pressure of the cell-sap will be equal to that of the 
solution which occupies the space between the cell- wall and the 
protoplast. The concentration of the solute in this solution 
will, however, still be higher than its concentration in the 
vacuole ; for in the vacuole this solute is only one component 
of a mixture of substances, each one of which contributes to the 
osmotic pressure of the sap. Hence, if the protoplast is not 
truly semi-permeable, this solute will diffuse into the vacuole. 
The osmotic pressure of the cell-sap will thus be increased, and, 
when the external solution becomes hypotonic towards the 
cell-sap, water will pass in from the external solution, and the 
volume of the sap in the vacuole wdll increase, the cell will 
begin to recover from plasmolysis.^ 

1 (a) It sliould be noted that the failure of a cell to recover from plasmo- 
lysis does not necessarily mean that its protoplast is impermeable to the 
solute in the solution which induced plasmolysis. For example, exosmosis 
of solute particles from the vacuole might compensate for the endosmosis 
of this solute from the bathing solution. Or, as happens when cells of the 
red beet are plasmoiyzed in solutions of sodium chloride, the solute in the 
bathing solution passes into the vacuole, but the osmotic pressure of the 
cell-sap does not increase because the diffusing solute is either adsorbed or 








60 CELLS AS OSMOTIC SYSTEMS 

Filaments of Spirogyra have frequently been used for 
nxents of this kind. Thus de Vries, who was the 
Ml the ngnific^ce of recovery from plasmolysis. notice/tta 

they had become turgid again after ^e^tySm L“s 

e^pso^al and aphe™idal maases, but after two 

the T ^ turgid. He concluded that after two days 

W CLsXZ o1 f-pl-moiyzed ceS 

the dep^Jo 

ahr,^^ / t ’ cane-sugar, isotonic with 6-9 per cent 
gy ro Numbers purporting to represent the permeability 
of protoplasm to various solutes have been obTlS If 
measuring the rate of recovery from plasmolysis Usually the 

•IZ ottr“®“‘T “ Plo-olyJ in a “eXt 

li-e s: 

illsICSisa 

of Jvacuolar sap volume 

penetrate protoplasm, a gradual' increase 'in voW^J the 
vacuolar sap will be t 4. volume oi tne 

is to V, after I minutes “ “PP"®' ‘‘"““I'e ‘ntrMse 

has passed thmugh tte in""”"”* 

h protoplast m one minute will be 

m the vaeuok remtorjSchT^ed™'^’ of particles 

lysis doesnot^rS’ultfrom'm^^ tteSStet"™®- Plasmo- 

undergo plasmolysis in strongly 

recover in water. ^ ^ hypertonic cane-sugar solution, and 





PERMEABILITY OF PROTOPLASM 61 

— Vi)C/^ gram molecules. The whole outer surface of the 
protoplast is exposed to the external liquid, and by deter- 
mining the mean surface-area exposed by the protoplast during 
the experiment, one may express permeability to the solute as 
gram molecules penetrating per unit area per unit time.^ By 
this method Lepeschkin calculated that ( from 67 to 183) X 10“^ 
gm mols of glycerol passed through each square centimetre of 
protoplast surface of Spirogyra cells per hour. We note that 
permeability towards a given solute may vary from cell to cell. 

(d) Electrical conductivity as a measure of the permeability of 
protoplasts to ions. Healthy plant-tissues strongly resist the 
passage of electrical currents, but the resistance decreases 
when the protoplasts are injured. In other words, the electrical 
conductivity of healthy tissues is low, but increases when 
protoplasm is injured. Since conductivity in liquid systems 
depends upon the migration of ions, Osterhout supposed that 
dissolved ions can only migrate slowly across healthy proto- 
plasts, and in certain important researches (p. 64) used change 
of electrical conductivity (which is a measure of the rate of 
migration of ions) as a measure of change in the permeability 
of the protoplasts in the constituent cells of living tissue 
to the migrating ions. 

General conclusions arrived at from experiments on the 
permeability of protoplasts.^ Although protoplasts are usually 
more permeable to water than to solute molecules, it appears 
that most substances that dissolve to give crystalloidal solutions 
can penetrate protoplasmic membranes. For a given tissue the 
rate of penetration depends upon the nature of the solute and 
upon the environmental conditions. Further, the permeability 
of the cells of a given tissue to a given solute may change 

^ The permeability of a membrane may be defined as the amount of 
solute passing in unit time through unit area of the membrane when there 
is unit difference between the concentrations of the diffusing solute in the 
solutions on opposite sides of the membrane. Criticisms of methods 
purporting to give numbers expressing permeability have been made, 
because the importance of taking the magnitude of the concentration 
gradient into account has been ignored. 

^ Critical discussion of the subject-matter of this and later sections of 
this chapter will be found in the books of Stiles (145) and Gray {51). 
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Siicli alterations in conditions as may lead to injury cause 
permeability to increase. Irreversible increase is followed by 
the death of the cell, which often undergoes post-mortem change 
of colour (in the apple, for example, brown oxidation products 
are produced). Tissue of the red beet provides suitable material 
for studying the conditions that lead to an increase in permea- 
bility. The protoplast of a healthy cell is impermeable to the 
anthocyanin pigment dissolved in the cell-sap, but, upon 
injury, this red pigment diffuses out of the cell. Experiments 
show that exosmosis occurs fairly rapidly from washed discs 
placed in chloroform water, decinormal hydrochloric acid, 
decinormal sodium hydroxide,^ or in hypotonic solutions of 
sodium chloride, at ordinary temperatures; and in water at 
temperatures greater than 40° C. Moreover, the pigment 
passes out rapidly at ordinary temperatures from discs which 
have been frozen and thawed rapidly. Thus it appears that the i|| 

relatively low permeability of healthy protoplasts is only 
maintained wdthin certain limits of temperature and hydrion- 
concentration, in solutions containing more than one inorganic 
salt (see also p. 64), and in the absence of toxic substances.^ 

Reversible changes in permeability, which may play an 
important part in governing the behaviour of certain plant- 
organs, are sometimes termed functional changes in permea- 
bility. Such changes may be brought about "as direct responses 
to alterations in environmental conditions. Thus there is 
evidence that diurnal and seasonal fluctuations in permeability 

^ The anthocyanin of beet loses its colour in alkaline solution, but 
flavonic substances pass out also, and turn yellow in the external liquid. 

Flavonic substances do not pass out through the protoplasts of healthy 
cells that are placed in neutral water. 

2 Toxic metabolic products sometimes accumulatedn ageing plant-cells, 
and may cause an irreversible increase in permeability. Such increase 
leads to the injury and death of cells. It has been suggested that some of 
the so-called physiological diseases of stored fruits are thus caused by 
acetaldehyde and other toxic metabolic products. Thus the flesh-tissue 
of certain varieties of apple and pear suiters injury when the fruit is 
stored at temperatures less than 5° C. There is little doubt that changes 
that lead to an irreversible increase in permeability play an important part 
in the sequence of events that leads to tissue-browning. Clearly, funda- 
mental researches, such as those of Stiles {li7) upon the effects of toxic 
substances and of injurious conditions on the permeability of protoplasm, 
may have important practical applications. 
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isotonic calcium chloride there was first a decrease and then an 
increase in electrical conductivity. When the thallus was 
transferred from sea-water to an isotonic solution of a mixture 
of sodium chloride and calcium chloride in which the concentra- 
tion of the sodium salt was in considerable excess over that of 
the calcium salt, there was hardly any alteration in the electrical 
conductivity. The calcium ions, even in low concentration, 
had effectively antagonized the injurious influence of the 
sodium ions. 

Phenomena of antagonism may be encountered when cells 
of the higher plants are placed in solutions containing two or 
more solutes. For example, Bayliss showed {of. p. 63) that the 
permeability of the cells of red beet to anthocyanins was 
increased b}?" transferring discs of tissue from pure water to 
hypotonic sodium chloride, but that less exosmosis of antho- 
cyanin occurred when the transfer was made from water to a 
hypotonic solution containing a small amount of calcium 
chloride in addition to sodium chloride. 

As a result of the extension of Osterhout’s pioneer work it is 
now generally agreed that there must be a suitable balance 
among the various ions (anions as well as cations) that are 
dissolved in solutions outside plant-cells, in order to maintain 
the relatively low permeability possessed by healthy cells. Sea- 
water, the fresh water of pools and rivers, and soil- solution, 
may be regarded as being suitably balanced for the cells that 
these liquids bathe. Much experimental work has been carried 
out with a view to determining the proportions in which 
nutrient salts should be used in order to provide a well-balanced 
culture-solution for the growth of plants. 

TM position of equilibrium attained when diffusible solutes 
are absorbed bp plant^~cells» (i.) Differences between the com- 
position of cell-sap and external solution. Dispersed particles 
diffuse in homogeneous physical systems until their concentra- 
tion becomes uniform throughout the body of the system 
(p. 454). Certain particles are, however, adsorbed at interfaces, 
and in heterogeneous systems such as coarse dispersions or 
colloidal solutions adsorption may profoundly affect the final 
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distribution of the diffusing particles (p. 456 
tissue IS immersed in a crystalloidal solution, 
IS assembled in which the external homog( 
separated by cell-membranes f ; 
within the cell. Experiments with physical 
some ways analogous have indicated that, w 
attained in such systems, the 
solute in the heterogeneous r 
brane may differ from the residual 
solution. Comparisons of the 
that of j ’ ‘ 

for a diffusible substance 
inside and outside living 
figures given in table II show 'that 
certain ions in the cell- 
differ from those of the 


>;• Whenaplant- 
a complex system 
jeneous solution is 
from heterogeneous systems 
models that are in 
'hen equilibrium is 
concentration of the diffusing 
system inside a permeable mem- 
-1 concentration in the external 
„ w composition of plant-sap with 

a solution outade th. plant indicate that it £ 

to exist at the same concentrations 
■ cells (see Stiles, 146). Thus the 

— c the concentration of 
■sap of the large marine alga Valonia i 
same ions in sea- water. 

Table II. Differences between the ionic composition of the 
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Sea- water 


21-2 

2*1 

20*14 

0*07 
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grown. Variations occur, however, from tissue to tissue in a 
given plant, and in a given tissue at different stages of develop- 
ment. Also we must remember that different plants growing 
together may make different demands upon the mineral 
substances in the soil-solution. Until 'much more is known 
about the behaviour of single cells and of isolated tissues in 
solutions of known composition, it is useless to face questions 
so difficult as those presented when one considers whole land 
plants in relation to diffusible solute particles. 

(ii.) The course of absorption and the ahsoyption-ratio for 
single salts. Stiles and Kidd by measuring the change in the 
electrical conductivity of solutions of single salts placed outside 
cut discs of certain storage-tissues w>ere able to follow the 
course of the absorption of these salts. By plotting the 
amount of solute absorbed against time a logarithmic curve was 
obtained, indicating that the further away the system was from 
equilibrium the more rapid w^as the rate of absorption. Plainly 
it is not the permeability of cell-membranes w^hich alone 
determines the rate of penetration of a dissolved solute. 
Account must also be taken of the equilibrium conditions for 
the dissolved solute in the cell under experiment. For example, 
it is conceivable that experiments might fail to show the 
absorption of a substance to which the cell-membranes are 
permeable, were this substance already present in the cell and 
equilibrium conditions by chance satisfied when the cell is 
immersed in a solution of the substance. 

Stiles and Kidd also determined the ratio of the final internal 
concentration i to the final external concentration e. This 
they termed the absorption-ratio ije. In a typical experi- 
ment with sodium chloride and carrot tissue they found that 
the absorption-ratio varied with the initial concentration, and 
was unity for only one of the initial concentrations. They 
showed that it is a property of the living cell to maintain 
different concentrations of the salt inside and outside the cell ; 
for, on killing the tissue, the absorption ratio approached unity. 
For sodium chloride solutions of normalities 0-0002, 0-002, 0-02, 
and 0-1, the absorption-ratios worked out at 46-7, 27, 3-5, and 
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0-83 ^respectively. The absorption-ratio decreased as the 
initial concentration was raised. With the lower coneent 
tions the salt heaped up inside the cell, and with the tl'"' 
concentrations the absorption-ratio became less than unhy i 
Stiles and Kidd pointed out that this is what would hauMn 
were salts adsorbed on protoplasmic or other surfaces Ster 
entry, and educed from their results some evidence in suppo 

of this view when they found a linear relation to hold betwel 
log « and log e (see p. 444). oerween 

(lii.) The preferential absorption of ions. Exocrimcnt* J,, 

disclosed the turprisins that hVing cdlTgSlTl ‘Ih 
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ates. ( C/. the physical system consisting of a colloidal solnf inr. 

of protein inside a p.rch„,e„t nrenrbr.ne, and a ZImS 
solution outside (p. 455).) Thus Patanelli and Sella discovered 
at the roots of Cucurbita pepo preferentially absorbed anions 
from solutions of chlorides, sulphates, and phosphatesTf 
potassium and calcium. And Redfern found that after 
thirty-six hours Pisum sativum had absorbed far more calcimn 
ons than chlorine ions from a solution of calcium chloride In 

cent, of chlorine ions were simultaneously absorbed. SmaUer 
differences were found with more dilute solutions. 

When preferential absorption occurs, electrical equilibrium is 

maintained in various ways. Thus Redfern notiid that the 
exosmosis from the cells of the pea of potassium and magnesium 
ions compensated for the excess of positively chargeS partide" 
passing in from the solutions of calcium chloride. The electrical 
neutrality inside and outside a cell, when ions of a S^Ked 
ta n d absorbed at different rates, may also be mal 

tTo! of tSTl '‘'T system by the dissocia- 

preferltiallv ^JbT hTr’’ when the ion M is 

preterentially absorbed from a salt MX dissolved in water, 

if 
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electrical neutrality might be maintained by the endosmosis 
of hydroxyl ions in electrical equivalence to the excess of 
positive ions absorbed from the solute. At the end of the 
experiment the bathing solution would then be acid. It is a 
significant experimental fact that water-culture solutions in 
which plants have been grown under experimental conditions 
may gradually become acid as the experiment proceeds. It 
has been suggested that this is owing to the preferential 
absorption of excess of cations from the solutes in the culture 
solution, and of hydroxyl ions contributed by water to an 
amount corresponding in electrical charge to this excess. 

There would then remain in the culture solution the hydrogen 
ions set free with the hydroxyl ions by the ionization of water, 
ix,, the acidity of the solution would steadily increase. 

Themaintenmice of diffusion-gradients. Since the endosmosis 
and exosmosis of a solute are determined by the existence of a 
diffusion-gradient, it is clear that the duration of diffusion will 
depend upon the fate of the diffusing solute. Solutes entering 
living cells may be variously dealt with. It has been suggested 
(p. 68) that they may be adsorbed on cell surfaces. Further, 
they may combine with a cell component, as happens when 
methylene blue reaches the vacuoles of cells containing tannins 
or simple polyphenols, or they may undergo metabolic change, 
as happens when starch-formation follows the penetration of 
sugar molecules into mesophyll cells of leaves floated on ’ 

solutions of various sugars. 

One may suppose that a diffusion-gradient will be main- 
tained until the diffusing solute is no longer removed from the 
medium of diffusion. Thus methylene blue continues to enter 
ceils containing tannin until the external solution no longer 
contains the dye or until all the tannin has combined with the 
dye (see remarks on p. 456 concerning an analogous physical 
system). 

Although simple chemical combination as well as adsorption 
may occur in growing plants under natural conditions, it is by 
metabolism that diffusing substances are usually removed. 

When a diffusing substance is consumed in an irreversible 
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metabolic process equilibrium can never be reached. Thm 
equihbnum IS never attained when yeast is fermenting glucol 
solution. During fermentation glucose continuously Jffuses 
to the zones in the yeast’s protoplasm that possess zymase 
activity and is there fermented. The eth/l alcohofTnd 
carbon dioxide that are produced continuously diffuse out of the 
cell. Fermentation goes on until all the glucose has been con 

^mSieed.™'" alcohol That" 

For the higher plants under natural conditions diffusion- 
^adients are maintained by the continuous replenishing of 

TT ' (soil-solution, air, storage-cells^ 

etc.), and the incessant metabolism in consuming cells which 
serve as sinks. Moreover, by cell-multiplication, new sinks are 
cieated throughout the growing period. 
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CHAPTER V 
NOTES ON SOILS ^ 

Ae Soil Texture 

The term soil is used to denote the uppermost horizon in the 
profile of detritus that extends via the subsoil to the underlying 
igneous or sedimentary rock. Soils (other than leaf-moulds and 
peat) owe their origin to the weathering of native rock. The 
process of soil formation is initiated by mechanical weathering 
through the agency of water, ice, and wind. This causes the 
comminution of mineral particles which, however, retain their 
chemical identity. Chemical weathering acts on some of the 
comminuted particles. Whereas some of the present-day soils 
have been derived from the weathering of the underlying rock, 
others have been carried, in an earlier geological period, to 
their present situations by river, ice, or wind. In addition, 
substances contained in organisms living above ground often 
become incorporated in the soil. Thus the soil receives deciduous 
members of living plants, droppings of animals, and whole 
organisms after death. Soils nearly entirely composed of organic 
matter result from the localized accumulation of plant-remains. 
Thus a litter of leaves in deciduous forests quickly decays to 
form leaf-mould ; and, over lengthy periods, deposits of plant- 
remains have by slow carbonization and compression yielded 
peats. Furthermore, we may distinguish the soil horizon from 
underlying horizons by the fact that it supports life. It is 
the milieu of a mixed society of roots, earthworms, and a 
most varied assemblage which is included under the terms 
micro-flora and micro-fauna. The substance of these organisms 


^ The MgMy complex physical and chemical problems included in 
Pedology, the scientific study of soil, have recently been discussed in 
monographs (Russell, 123 ^ and Robinson, 120 )^ on which the present 
writer’s notes are based. 
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mediate between those of soils composed nearly entirely of 
coarse sand or of clay. 

There is little cohesion between particles of coarse or fine sand, 
and although the surface of each particle may be wetted with 
water there is no imbibition. Consequently the water-holding 
capacity of sand masses is low, and water readily percolates 
through them to the water-table below. On the other hand, 
there is never a shortage of air in sand masses ; they are always 
open soils. 

As the diameters of the particles in the fractions decrease, 
surface properties become more emphasized. Thus, the 
cohesiveness and water-holding capacity of silt, though con- 
siderable, are much less than those of the fraction denoted as 
clay. Furthermore, clay possesses distinctive properties. For 
example, when moistened it imbibes water and swells. The 
sticky mass so formed is impervious to air and water {cf, sands), 
is plastic, and can be moulded into any desired shape. The 
object so produced shrinks on drying or baking, but remains 
whole if sufficient compression has been used in the moulding 
process. Cracks appear, however, in drying clay soils. 

The particles belonging to the clay fraction are of very 
different size-grades, as may readily be shown by shaking a 
clay with water. The relatively coarse particles quickly 
settle, but other particles do not settle at all, and wilt pass 
through a filter-paper. Examination under the ultra-microscope 
shows that the filtrate is a colloidal solution containing dispersed 
particles in Brownian movement. Cataphoresis experiments 
prove that the dispersed particles carry a negative charge. 
Russell (123) has stated that ‘‘ the properties of clay are now 
associated with : (1) The constitution and the very small size 
of its particles ; (2) their affinity for water ; (3) the negative 
electric charge which they take on in the presence of water.” 
The clay colloid is in the gel state in soils, and, as Robinson 
(120) has stated, “ is pre-eminently the reactive constituent 
of the mineral portion of soil.” 

The physical properties of sands, silts, and clays, may be 
greatly altered in the presence of organic matter. A distinction 
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may be made between recognizable plant-remains and animal 
remains, and the dark amorphous product (conveniently termed 
umus) -vAich results from the decomposition of such 
remains Humus is a complex colloidal aggregate, and gives 
rise to the organic gel of soils. It provides certain essential 
elements of the food supply of plants. It is also highly important 
because of its physical properties. Thus it gives cohesive 
properties to and augments the water-holding capacitv of 
sands Together with the undecomposed pknt-remains it 
tends to make clay soils more open. Colloidal clay and colloidal 

organic matter associate to give a single colloidal-complex 
Special mention must be made of calcium carbonate. This 
mineral, though absent m very open sands and vegetable peats 

formed by the weathering tn situ of chalk or limestone. Its 
association with clays and silts is a matter of considerable 
importance. Under the influence of dissolved carbon dioxide 

Tir^si? bicarbonate. 

by neutralizing the 
negative charges of the dispersed particles in colloidal clay! may 

formed becomes permeable to air and water. The soil thus 

wS!d ou/of calcium ions are readily 

mtv bt? and by deflocculation coUoidal clay 

h I ® ^f“®^ated. In agricultural practice, lime (calcium 
hydroxide) is added in order to improve the tilth of heavy 
Is. Secondary advantages may accrue. Too great a soil- 
mWoL“^^ corrected, and the growth of certafo important 

icro-organisms may thereby be promoted. 


B. The Organic Matter in Soil 

The dead vegetable matter that becomes incorporated in soil 

avSbkfo! of mineral salts, which are immediately 

which must ^ and of complex organic molecules, 

etmtianlr decompositions before the 

essential elements they contain can be re-absorbed by 
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green plants. These residual organic compounds largely 
consist of cell-wall substances. Substances containing nitrogen 
represent but a fraction of the whole mass. The ratio of carbon 
to nitrogen in dead vegetable matter varies from 25/l to 40/l. 
Usually traces of organic compounds containing sulphur or 
phosphorus are also present. 

The decomposition of organic compounds is for the most 
part effected by saprophytic fungi and bacteria. The com- 
pounds are consumed as foodstuffs by these organisms, and 
some of the metabolic products are excreted into the soil. 
Thus the aerobic oxidation of carbon compounds leads to the 
production of carbon dioxide and water. The carbon dioxide, 
upon diffusing through the pore-spaces of the soil into the air, 
becomes once more available for the nutrition of green plants. 
Catabolism of nitrogenous substances yields amino-acids, amides, 
and ammonium salts (the fate of which will be discussed below), 
and that of organic compounds containing sulphur or phosphorus 
yields sulphates or phosphates, which may be immediately 
absorbed by roots. 

Humus, the dark brown amorphous material of the soil, 
consists of partially decomposed organic matter. Owing to 
loss of carbon by aerobic oxidation, while humification under 
the agency of the micro-flora of soil is in progress, the ratio of 
carbon to nitrogen diminishes from the value mentioned above 
to about 10/1 to 12/1. Humus is a complex mixture of organic 
compounds, the composition of which will, of course, vary 
according to the source of the humus. The results of chemical 
analysis suggest, however, that certain types of substance may 
be present in all forms of humus. Thus, on treating humus 
with cold alkali, certain acidic substances dissolve, while a 
nitrogenous residue termed humin remains undissolved. 
Attempts have been made to separate single acidic substances 
from the soluble fraction, and much discussion has centred 
on the chemistry of the product known as humic acid. Od^n 
regarded this acid as free from nitrogen, and assigned to it the 
formula C 6 oH 52024 (COOH) 4 , but it is not yet generally accepted 
that he experimented with a single substance. 
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richer in complex organic compounds containing nitrogen. 
When the bacteria die, these compounds will be acted on in 
the usual way by saprophytic fungi and bacteria, and by 
humification and hydrolysis will be converted into amides, 
amino-acids, and ammonium salts, ^ 

Although some green plants (e,g,, the potato) can absorb 
the ammonium salts produced by the ammonification of 
complex nitrogenous compounds and use them for growth, for 
most plants the presence of nitrates in soils is essential. The 
conversion of ammonium salts to nitrates is therefore an 
all-important phase in the nitrogen cycle (fig. 5). This 
conversion, which is termed nitrification, is effected in two 
distinct stages by the nitrifying bacteria. In temperate 
regions Nitrosomonas oxidizes ammonium salts to nitrites, and 
Nitrobacter oxidizes the nitrites so produced to nitrates. These 
bacteria are aerobic organisms, and can grow in the absence of 
organic foods, Le,, they, like green plants, are autotrophic 
organisms. They use the energy set free in the oxidations that 
lead to nitrification, for the chemosynthesis of carbohydrates 
from carbon dioxide and water (p. 253). Since only small 
amounts of nitrate are added by rainfall, and since nitrate is 
readily leached out of soils, we may infer that under natural 
conditions a continuous nitrate supply, upon which the growth 
of green plants depends, is the result of a nutritional 
process in these chemosynthetic bacteria. ^ With the intensive 
cultivation of land to meet the food requirements of an increas- 
ing world population, it became imperative to supplement the 
nitrates produced by these autotrophic bacteria, and those 
contained in nitre beds : and one of the most valuable 
achievements of chemistry and engineering has been the develop- 
ment of a method for fixing atmospheric nitrogen. The amount 
of nitrate so manufactured has increased in a remarkable fashion 
during the last thirty years, and there is now no danger that 

^ In rich cultivated soils (e.g., those in market gardens), loss of nitrogen 
may be incurred by the activity of Bacillus denitrificanSy which oxidizes 
nitrogenous compounds to molecular nitrogen. 

^ These and other (p. 253) chemosynthetic bacteria, are, however^ in no* 
way dependent on green plants. 
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vucnucm weamenng of Mineral Matter and the 
Production of the CoHoidal Clay-complex 

Many of the mineral particles produced by mechanical 
Mhering are subject to chemical weathering under the agency 
of water dissolved carbon dioxide, and the organic acSTS 
humus. For instance, felspars, micas, and ferromagnesian and 
ther minera silicates, undergo hydrolysis and produce what has 
been variously termed the weathering-comp^ day-complex 
zeolite-complex, or inorganic soil-colloid. Much discussion 
has centred on the question of the chemical 00 ^;" 
of the products of hydrolysis, but no general agJeemmt 
has reached. It may be definitely stated that no clay 

has been found to possess the composition of kaolin which was 
once supposed to be the essential product of weathe’riS 
Analyses have revealed a wide variation in composition and 

and^hTh appears that dlica 

nd the^hydrated sesquioxides of aluminium and iron may 

Frrimple\T^' “ K weathered product, 

or example, Robinson has reported that the clay fraction of a 

shale soil from North Wales contained 46-6 pe^ clt Jl^a 

33-3 per cent, alumina, and 12-6 per cent, oxide of iron. He also 

dium, calcium, and magnesium. These are eLeedinalv 
important components of plant-food. SY 

In soils containing sands, and in the coarser silts, unweathered 
mineral particles may be abundant. Comminuted particles 

SS" and other 

mineral fragments which have retained their native eomposi- 

lon, ^ constitute the relatively inert framework of soil They 
matter, and serve to give soil an onen «fr„r,+, — ^ 
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D. Soil-solution ^ and the Colloidal-complex of Soils 

Apart from the elements in water, the essential elements for 
plant-growth that the soil provides are derived from decaying 
plant-remains and the clay-complex. Humus yields a mixture 
of mineral salts (plant ash), and the nitrates, phosphates, 
and sulphates, produced during decay ; and the clay-complex 
yields potassium, calcium, magnesium, and iron. All these 
elements tend to go into solution in the soil- water, to give the 
“ culture-solution of the plant.” This is retained by absorption 
and surface attractions in and on the soil-particles (fig. 7) 

The composition of soil-solution is, of course, highly variable. 
Even over short periods in a given field, the composition is 
continually changing owing to the activities of plants and 
micro-organisms ; furthermore, evaporation concentrates and 
rain - water dilutes soil - solution, or leaches out soluble 
ingredients. The results of an analysis by Sehloesing of a 
soil-solution displaced from a y_.4ch contained 19'1 per 
cent, water, are given below ws represent mgs /litre. 
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This soil also contained traces of phosphorus and ammonia. 
The total concentration of solids works out at about 0-08 per 
cent. 

The results of this and other analyses permit the general 
statement to be made that soil-solution is a mixture of the 
bicarbonates, sulphates, chlorides, nitrates, phosphates, and 
silicates, of calcium, magnesium, potassium, sodium, and iron. 
At the dilutions encountered, the salts will be nearly completely 
dissociated into ions. In soil, therefore, we have a complex 
heterogeneous system, the solid phase being composed of the 
hydrogels of the colloidal-complex, which contain ions in the 

1 The availability of water in soil-solution is considered later 

{chap. VI, section A). 
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Thus the exosmosis of an electrolyte from roots, or from the 
cells of micro-organisms, would affect the relations between the 
soil-solution and the colloidal-complex. For example, the 
liberation of nitrates during nitrification often leads to the 
elution of calcium ions from the colloidal-complex. During 
the growth of plants, however, it is the endosmosis of electrolytes 
from the soil-solution which mainly directs the transfer of ions. 
The general tendency will be for electrically charged particles 
to leave the colloidal-complex, which will thereby become 
depleted of plant-food. Weathering and the decay of humus 
will slowly restore fertility, and roots by growing and branching 
will tap new sources of supply. 





CHAPTER VI 

the absorption of water and solutes 
from THE SOIL BY ROOTS 

A. The Absorption of Available Water 
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(2) Surface forces of capillarity and imbibition, which may 
range from one up to several hundred atmospheres. Capillarity 
tends to retain water on the surfaces or in certain of the smaller 
interstices of soil particles ; the water of imbibition, which is 
sometimes called vesicular water, is held in the interstices of 
the gels in soil colloids. (3) High surface forces of magnitudes 
equivalent to several hundred or a thousand atmospheres. 
So-called gel- water, the water imbibed by the molecules of 
soil colloids, is thus held ; it represents only a small proportion 
of the total water. 

The classification of soil-water into the sharp groups of 
gravitational water, capillary water, imbibitional water, and 
hygroscopic water, was given up when it became apparent that 
the forces included above under 1, 2, and 3 “ overlap in their 
operation and that the state of soil-water is continuous.” ^ 

One essential condition for growth is that the roots must 
absorb water at a sufficient rate to maintain turgor in transpir- 
ing members, and to effect turgor-enlargement. The first 
requirement is that the su ctio n pessure of th e abso rbing cells^ 
must overcome the physical W’eTwitE which a' portion of the 
water in the soil is held. Water which can be absorbed may be 
described as available water and such water as is too firmly 
held for absorption may be termed unavailable water. 

The suction pressure approaches zero in absorbing cells 
which are nearly fully turgid, after wet wmather. Under dry 
conditions the suction pressure is principally determined 
by the osmotic pressure of root sap, and magnitudes varying 
from 7 to 20 atmospheres have been recorded for different 
plants. Obviously, available water must be held by forces of a 
smaller magnitude. 

^ It is however, important to realize that water rises in soils from the 
water-table by capillarity. This may be readily demonstrated eg dipping 
glass-tubes, packed with different kinds of soil, into water. It will be 
observed that greater heights are finally reached in the finer soils (clays 
and heavy loams) — cf. the capillary rise of water in glass tubes of diflerent 
diameters— but more rapid initial movement occurs in the coarser soils 
(medium loams and sands). It was formerly thought that capiUarity was 
the chief cause of water movement, but it is now realized that other 
forces imbibition) must exert a pow^erful action. 
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For a given species grown in different kinds of soil, ^ the 
actual amount of available water depends upon the magni- 
tudes of the capillary and imbibitional forces with which 
water is held by the particles in the different soils. It has 
been known that the composition of soil exerts an 
influence on these magnitudes. Thus Sachs experimented on 
tobacco plants which were growing in different kinds of 
soils. He allowed the soils to dry, and determined the water 
content of each soil w’'hen the plants began to wilt. The 
figures he got were : for a sand, 1*5 per cent. ; clay, 8 per cent. ; 
and a mixture of sand and humus, 12*5 per cent. These 
figures were supposed approximately to represent the amounts 
of non-available water in these soils so far as the tobacco plant 
is concerned.^ Variations in the same sense have since been 
found for other plants. One may conclude that the water- 
supplying powder of a soil is limited by the surface forces 
exerted by clay and the organic gels in humus. It appears that 
for quick survey-work a rough idea of the amount of unavailable 
water (and hence also of available water) in any soil may be 
obtained by assuming that all the w^ater left in soil, which has 
been dried in air at 15° C., is unavailable. Reckoned as parts by 
weight of water per 100 parts of dry soil, unavailable water 
determined in this way varies from under 2 per cent, in coarse 
to over 40 per cent, in peats; and figures between 
and 10 per cent, have been found for clays and loams. For 
natural soils composed of diverse admixtures of sand, clay, 
humus, and, at times, chalk, the amounts of unavailable water 
are, of course, highly variable. 


^ For a discussion of the controversial questions concerning the avail- 
ability of water for different species growing in a given soil, see Maximov 
(9S), chap, II. Considerable space is devoted to discussing the sur- 
prising conclusion reached by Briggs and Shantz after their extensive 
researches, viz., that the amount of the available water in a soil is nearly 
independent of the properties of the plant, and is almost entirely governed 
by those of the soil. 

of course, they represent the amount of water in the soil 
“does not proceed rapidly enough to prevent wilting, 
authors denote this amount by the term, the 
wilting-coefficient of the soil. 
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B* Root“pressure and the Lateral Transfer of Water 
in Roots 

Stephen Hales in the eighteenth century demonstrated and 
measured root-pressure. He attached a mercury manometer 
to the rooted stump of a severed vine shoot (e/. fig. 6), 
watered the plant well, and, from the difference in the final 


Fig. 6,~— Apparatus for demonstrating root-pressure. 
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levels of mercury iu the two limbs of the manometer, eoneluded 
^at a pressure of 107 cm. of mercury had developed. Since 
Hales s time many further measurements have been made and 
It appears that root-pressure may be as low as 1 cm. mercurv 
or as high as 200 cm. mercury. ^ 

For a given plant seasonal periodicity has been observed 
Wzeler concluded from his experiments that (a) most hibernat- 
ing trees lose the power of exuding water for a certain period 
during the winter, and (b) maximal exudation occurs in the 
spring but not necessarily when buds are sprouting or new 
roots forming. Furthermore, it has been found that root- 
pressure may decrease to an extremely low value by the time 
leaTCs becomes vigorous owing to the production of 

External conditions may affect root-pressure at a given 
season. For example, it is governed by the conditions (water- 
supply, temperature, etc.) that influence absorption More 
over, certain experimental facts indicate that the process is 
dependent on a secretory activity of protoplasm, for which 
respiratory energy must be available. Thus Wider discovered 
that on inhibiting respiration, by cutting off the oxygen supply 
or anesthetizing with chloroform, root-pressure ceased. 

The lateral transfer of water from the soil-solution has been a 
ra, research and much discussion. Ursprung and 

Blum determmed the suction pressure gradients in the tissues of 
roots (s^ from A to K in fig. 7), and considered their signifi- 
cance They found that in Viciafaba the suction pressure rose 
rom 1-1 atinospheres m the piliferous layerto 4-1 atmospheres in 
e cells just outside the endodermis, and lateral transfer across 
this region was thus readily accounted for. But a difflcultv 
arose when it was found that the average suction pressure in 
the endodermis was only 1-9 atmospheres. They reported 
however, that by further experiments they demonstrated a polar 
difference of suction pressure in these cells, and evaluated the 
pressure on the outer surface at 4-7 atmospheres, and on the 

nXd4®‘® atmosphere. In the pericycle they also found 
p 1 erences, namely a positive suction pressure of 4-5 
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atmospheres on the outer wall and a negative suction pressure 
of _ 0-85 atmosphere on the inner. Consequently they con- 
tended that water would pass from the endodermis to the 



dermal cell. 


xyleiii vessels vid the pericycle, which would act as a sort of 
combined suction and force pump* 

Thoday {152) has pointed out howthe living cells in the absorb- 
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ing region of a root may, layer by layer, gradually become fully 
turgid under what we here term a suction pressure gradient. In 
the fully turgid state the living cells can absorb no more water. 
Then, as Atkins (5) had earlier suggested, one may regard 
the cortical cells as a single complex semi-permeable membrane 
on the outside of which is the soil-solution (fig. 7), and on the 
inside the solution in the xylem vessels. The force with which 
water is drawn in w'ould then solely depend on the difference 
between the osmotic pressure of the xylem sap, and that of the 
soil-solution. Priestley (114) incorporated these notions in the 
hypothesis he put forward to account for the lateral movement 
of water and the development of root-pressure. He clearly 
formulated the central problem of accounting for a supply of 
solutes to the xylem at a sufficient rate to maintain the sap 
at a higher osmotic concentration than that of the soil-solution. 
As a result of his anatomical and experimental investigations 
he came to the conclusion that the maintenance of this supply 
of solutes required : (a) a functional endodermis with imperme- 
able radial and transverse walls (such as would be ensured by 
the Casparian band (fig. 7) ), which prevents the outward leakage 
of solutes ; (b) the constant diffusion of solutes into the xylem 
sap from relatively permeable protoplasts within the endo- 
dermal cylinder. Evidence was obtained in his school that 
dyes penetrated cells near the xylem vessels relatively rapidly ; 
and ehemical analysis showed that, in the vine, organic solutes 
(particularly di- and mono-saccharides) and inorganic solutes 
were present in the xylem sap. The concentration of the latter 
kept fairly constant, but that of the organic solutes fluctuated ; 
exudation pressures fluctuated correspondingly. Priestley con- 
cluded that organic solutes filtering into the xylem vessels, 
through the neighbouring living parenchyma, are “ more directly 
responsible for the osmotic pressure effective in causing the 
flow of sap.” 

There appears, therefore, to be general agreement that 
osmotic suction plays an important part in the lateral move- 
ment of available water from soil-solution to the living cells 
bordering xylem vessels, and that the unilateral exudation of 


ABSOMPTION OF SOLUTES 


89 


water from the living cells is also an osmotic phenomenon. Eut 
it must not be forgotten that the secretion from a living cell 
into a dead xylem-element resembles other secretory processes 
occurring in plants and animals in being dependent on oxygen- 
uptake, and' presumably, therefore, on respiratory energy. 

C. The Absorption of Solutes 

During their growth period, roots continually tap fresh 
regions of soil, and absorb ions from the mineral salts in the soil- 
solution, and hence from the colloidal-complex. This phase 
of plant-nutrition consists in the passive absorption of the ions 
produced by chemical weathering and the decomposition of 
organic remains. It is no longer held that roots significantly 
help in preparing their own mineral food, for it appears that 
they do not secrete organic acids, and such respiratory carbon 
dioxide as is produced has only a trifling solvent action. 

As far as is known, absorption is a purely physical pro- 
cess, each particle diffusing independently of others in the 
continuous liquid medium of soil-solution and plant-sap from 
regions of higher to regions of lower concentration. Any ion 
occurring in the soil-solution will therefore be absorbed by 
plants, provided cell-membranes are permeable to that ion (cf. 
p. 55). It should be noted that there is no evidence that ions 
are passively absorbed with the water taken in by osmotic 
suction. Indeed, physical experiments (p. 458) have shown 
that solute and solvent particles may simultaneously be moving 
in opposite directions. 

Under favourable conditions for growth, molecules and ions 
of the essential elements are present in the colloidal-complex, 
and are continually liberated into the soil-solution. Diffusion 
across permeable membranes into and through the plant then 
takes place. ^ Thus diffusible ions travel towards regions 
where they are consumed in metabolism or removed from 
the medium of diffusion by adsorption. Removal by 
leakage into the transpiration stream or the phloem slime 

1 It has been suggested that solutes also migrate in the wet cell- walls. 
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wiU have the same effect. As lor^ as a plant is livW 
and as long as chemical change goes on in the soil, th»e 
can be no equilibrium for any of the essential ions, since the 
continual production in the soil (the source of ions) and con 
sumption in the plant (the sink for ions) wiU maintain diffusion 
gradients. What these gradients will be for a given soil T! 
gi^en time will depend upon the nature of the metabolic and 
other processes going on in the plant. Different demands are 
made by different plants at a similar state of development 
and by a single plant at different stages of development The’ 

analysis of the apparent selective-or preferential-absorption 

by different plants would require a profounder insight into the 
physical and metabolic processes than we at present possess. 
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CHAPTER VII 
TRANSPIRATION 


A. Introduction 


Teanspxeation is the giving off of water-vapour from the 
surface of a plant. The phenomenon is readily demonstrated 
by showing that drops of water condense on a bell-jar covering 
a potted plant before they appear on the surface of the plant 
(see fig. 8). When the outside air is unsaturated all shoot- 
systems lose water by transpiration,^ and the rate of loss is often 
high. Thus it has been estimated that in the growing season 
the Egyptian cotton crop loses 50 tons of water per acre per day, 
or 3 pints per plant per day. 

High rates of transpiration may be a real menace to the 
well-being of land plants, for the maintenance of turgor and the 
possibility of growth depend upon the absorption by the roots 
and the conduction to the transpiring organ of a sufficient 
supply of water. In the lives of most plants there are critical 
dry periods in which turgor is lost. During prolonged spells 
of drought the growth-rate will be reduced, and the wilted 
shoot-systems may become injured beyond repair. 

The structure of plants renders transpiration inevitable. In 
the first place, although cuticularized and suberized dermal 
coverings serve adequately in restricting water-loss ^the 
fact that a land flora exists is sufficient testimony to their 
general efficiency— they are not completely impermeable to 
water. Water-loss through cork may be neglected,^ but loss 

1 Secretion of liquid water may occur in saturated atmospheres, as inay 
be demonstrated by leaving oat seedlings ^under a bell-jar for a period 
under conditions favourable for the absorption of water. 

“ Since whole potatoes lose weight very slowly and peeled potatoes 
quickly, we may infer that even a dermal tissue composed of wlls with 
thin suberized walls and less than a dozen, cells thick effectively reduces the 
rate of water-loss. 
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from epidermal cells through the cuticle is often considerable ; i 

and is termed cuticular transpiration. The presence of 
lenticels in cork-tissue and of stomata in cuticularized epidermal 
layers makes possible gaseous exchanges between the living | ^ 

cells in the interior and the outside atmosphere (see p. 144), but « J 

inevitably leads to the loss of water-vapour by diffusion from 
the intercellular spaces. The amount which diffuses through i \ 

the lenticels is negligible, but, in unsaturated air, there is 1 

continuous diffusion of water- vapour out through open stomata. I 

Stomatal transpiration, then, is chiefly responsible for the 
loss of water from shoot-systems, and is the price shoot-systems I 

have had to pay for possessing facilities for gaseous exchange. ' j 

This price may at times severely tax a plant’s resiliency. ;| j | 

Hence it is important to realize that through stomatal move- ^ i ; 

ments plants possess means of regulating stomatal transpira- | 

tion. The night-closure of stomatal apertures when photo- V | 

synthesis is in abeyance conserves water without hindering • f i 

a vital gaseous exchange^ (see also footnote, p. 144). j 

It has often been debated whether transpiration, which is a : .. 

necessary result of the plant’s structure and is fraught with , j 

so many harmful consequences, serves any useful purpose. ; | 

One suggestion is that transpiration may facilitate the move- |i - 

ment of solutes. The experimental evidence is conflicting. || , 

Thus the results of analyses indicate that the concentration of f i 

minerals is sometimes, but by no means always, highest in 
those regions which have been transpiring most vigorously. ; I 

On theoretical grounds one might expect the passive carriage 
of solute molecules in the conducting tracts of the xylem to be : > 

governed by the rate of movement of sap, and hence by the I ; i 

rate of transpiration. But there is no evidence to suggest that i . ' 

the rate of movement of solutes through living tissue is affected i i 

by the rate of passage of water. Indeed, the movements of 
water and solutes are governed by different laws, and in a given ^ | 

tissue solute and solvent may over a given period move in 
opposite directions (cf, parallel physical systems, p. 458). 

^ For the short periods involved there is always sufficient oxygen for ; i I 

respiratory purposes in the air contained in the intercellular spaces, ' i 
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B. Experimental Methods for Measuring Transpiration 
and the Expression of Results 

(1) The measurement of transpiration, (i.) By absorption of 
the transpired water-vapour. For certain purposes {e.g., the 
comparison of the transpiration of the upper and lower surfaces 
of a given leaf), the time taken for dry cobalt chloride paper, 
placed against a transpiring surface, to change from a standard 
shade of blue to a standard shade of pink, may be conveniently 
used as a measure of transpiration. The paper should be 

of I-SiTOv’s*siwffesti(m*tW°t tocrtions assigned to transpiration, and 
oi lyanov s suggestion that transpiration maintains an ontimal tiirmr in 
growing shoots, the reader is refold to Maximov (W p.T“ “ 


A second suggestion is that transpiration is mainly responsible 
for keepmg below injurious levels the temperatures of various 
coloured shoot-systems exposed to light. For instance, in one 
typical experiment it was estimated that 70 per cent, of the light 
energy absorbed by insolated green leaves was used in trans 
pmation, i.e., was converted into the latent heat of evaporation 
of water. Only 1 per cent, was used in photosynthesis. The 
remaining 29 per cent, caused the temperature of the leaf 
temporarily to be higher than that of the air, but as a result of 
convection and conduction of heat in and radiation from the 
plant, the temperature of the leaves once more became the same 
as that of the environment. Furthermore, direct measurements 
have shown that the temperatures of feebly transpiring plant- 
members exposed to the sun may rise considerably above 
the temperature of the environment. Temperatures higher 
than 50° C. have been noted in the succulent leaves of desert 
plants. ^ These plants appear not to be as susceptible to 
heat-injury as are the leaves of mesophytes. Under conditions 
when mesophytes transpire feebly, as in greenhouse plants 
powing in saturated atmospheres, the leaves may suffer 
injury from overheating by the sun’s rays. Consequently it 
has been argued that the cooling effect of transpiration may 

on humid sunny days save certain plants growing in the open 
from inmrv 1 ^ 
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protected from atmospheric moisture by a glass plate or mica 
sheet, and moist air should be prevented from entering at the 
joins by sealing these with vaseline. Alternatively, changes in 
weight of calcium chloride tubes affixed by wax or gum to the 
transpiring surface may be measured. The objections that 
have been raised against these methods are that the cobalt 
chloride paper shades the transpiring member, and that the 
calcium chloride desiccates the air in contact with the surface 
under investigation. Freeman’s method meets these objections. 
Moist air is drawn from a reservoir in two streams moving at 
the same slow rate. One stream should first pass over the 
transpiring organ, suitably secured in a covering of glass, mica, 
or other translucent waterproof covering, and then through 
weighed absorption-tubes containing calcium chloride, or 
phosphorus pentoxide. The other stream should pass directly 
into weighed absorption- tubes. From the differences between 
the increases in weight of the absorption-tubes in the two 
streams, the rate of transpiration can be calculated. 

(ii.) Loss in weight owing to transpiration. Using Freeman’s 
method again with two streams of moist air, but this time with 
a whole encased potted plant under a bell-jar {cf, fig. 8), 
experimenters have found that the weight of water absorbed 
by the calcium chloride or phosphorus pentoxide is approxi- 
mately equal to the loss in weight of the encased potted plant. 
It appears, therefore, that, under conditions favourable for 
transpiration, changes in dry-weight of the plant (see p. 320) 
over short periods in the growing season are negligibly small 
when compared with the weight of water lost. A simple and 
satisfactory method for determining the rate of transpiration 
is thus available, and has very often been used in field experi- 
ments. Experimental systems are set up which can lose water 
by transpiration only, and are periodically weighed in order to 
determine the amount of water lost. For laboratory experi- 
ments, systems like that illustrated in fig. 8 are customarily 
used ; in field experiments plants have been grown in glazed 
pots. Analogous systems can in a variety of ways be set up for 
detached leaves and cut shoots, and suggestive results have 
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sometimes been obtained simply by weighing at intervals 
unwatered plant-members as they dried in air. 

(iii.) The rate of absorption of water by transpiring members 
as an indirect measure of water-loss. The potometer (fig. 9) 
has frequently been employed in researches upon transpiration. 
Actually this instrument is used to measure the rate of absorp- 
tion of water by a cut shoot. It can be shown in a variety of 
ways, however, that the rate of absorption is frequently 
governed by the rate of water-loss.^ When there is a constant 
ratio between transpiration and absorption, but then only, 
the potometer may be used to evaluate variations in the rate 
of transpiration under different physiological conditions. 
Shoots for potometer experiments should be cut under water 
and kept under a bell-jar for at least twelve hours before use, 
with their cut ends in water, 

(2) The expression of the results of measurements, (i.) The 
intensity of transpiration. In physiological experiments on 
transpiration the same transpiring shoot is as a rule under 
different environmental conditions, and it is sufficient to 
express transpiration by a number representing the amount of 
water lost in unit time for the given shoot-system. For certain 
purposes, however, attention must be paid to the extent of the 
transpiring surface, and the term intensity of transpnation 
has been given to the rate at which water is lost by unit surface 
of the transpiring organ. The area of the transpiring surface 
is best measured with a planimeter, but approximate measures 
can be obtained by cutting out paper areas equal to those of the 
transpiring members, and weighing the pieces of paper. The 
area of the transpiring surface may thus be calculated if the 
weight of unit area of the paper is known. 

In experiments on the intensity of transpiration, transpiring 
surfaces not under investigation should be covered with tinfoil 
or vaseline.: 

^ Thus the rate of movement of the bubble in a potometer is reduced 
by covering with vaseline the surfaces of the transpiring leaves. Moreover, 
alterations of temperature, humidity, light-intensity, and rate of air 
movement (three factors which, as we shall shortly learn, intiuence 
transpiration), affect the rate of absorption. 

THOMAS’S PLAHT PHYS. 4 
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(ii.) Rekitive4ranspiratio7i, A difference (between T;^ and T^, 
say) in the rate of transpiration of a given shoot-system during 
two successive periods must be attributed to alterations in the 
environmental factors that affect evaporation {e,g.^ tempera- 
ture, humidity, or wind- velocity), or in the internal factors 
(e.g., width of stomatal apertures, or water-holding power of 
cell-walls) that have a regulatory effect on transpiration. 
Simultaneous alterations in the evaporating power of the 
atmosphere {e,g., from to Eg) are readily determined by means 
of evaporimeters or atmometers (see Maximov, 95). Living- 
ston’s concept of relative-transpiration has been used in 
attempts to assess changes in the regulatory power of a plant 
over its own transpiration. Relative-transpiration is given 
by the ratio of the rate of transpiration per unit area (T) to the 
rate of evaporation per unit area (E). 

Livingston supposed that were Tj/E^^ found to be equal to 
To/Eo, the changed transpiration rate could be entirely attributed 
to alterations in the evaporating power of the atmosphere, 
but tliat inequality in the two ratios would indicate that the 
plant’s resistance towards water-loss had altered. Thus he 
made investigations on the influence of light on the relative- 
transpiration of certain desert plants, and concluded that 
internal regulation by these plants is more effective at night 
than by day. For example, he found that the relative-trans- 
piration of a certain species of Euphorbia show^ed a maximum 
during the day of about 0*07, and a minimum at night of less 
than 0-01. 

For the use of relative-transpiration as a valid measure of 
internal regulation, the rate of the evaporation coynponent of 
transpiration must vary proportionately with the rate of 
evaporation from the evaporimeter or atniometer, under 
changing environmental conditions. Unfortunately it is 
probable that evaporation from physical instruments may at 
times be more strongly affected by changes in environmental 
factors, particularly wind- velocity, than is the evaporation 
component of transpiration. And it has been stated that 
alterations in T/E might thus measure the altered responses of 
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the physical instrument and not those of the plant. Certain 
authorities maintain, however, that, provided the wind- velocity 
remains constant, changes in relative-transpiration actually 
do reflect changes in the plant’s regulatory power. 


C. Cuticular and Stomata! Transpiration 

Hypostomatal leaves serve for experimental investigations 
on the efficiency of cuticle, and on the relative magnitudes of 
cuticular and stomatal transpiration. The transpiration from 
the upper and lower surfaces of a given hypostomatal leaf may 
be readily compared (section B, 1 (i.) ), or the percentage loss in 
weight, over a period, of a sample of hypostomatal leaves with 
their under stomatal surfaces vaselined may be compared with 
that of another sample with vaselined astomatal upper surfaces 
(section B, 1 (ii.) ). Experiments with a potometer (section B, 
1 (iii.) ) may also prove instructive, if a shoot bearing hypo- 
stomatal leaves is used. Under constant external conditions, 
measurements should be made of the relative rates of absorp- 
tion of water by the untreated shoot, by the shoot when the 
upper surfaces of the leaves have been covered with vaseline, 
and by the shoot when both surfaces have been vaselined. 

Similar experiments have been performed with shoots bearing 
amphistomatal leaves, in order to determine whether the rate 
of transpiration from the surface of a given leaf bears a quantita- 
tive relation to the number of stomata on that surface. 
Moreover, suggestive results have been obtained by varying 
the conditions around a given shoot-system so as to permit 
measurements of changes in transpiration when stomatal 
apertures are widening or narrowing. 

The experimental results indicate that some water is evapo- 
rated from the outer walls of most epidermal cells and escapes 
as vapour through the cuticle. The rate of such cuticular trans- 
piration may be considerable in young leaves, and even in older 
leaves when the cuticle remains thin ; but thick cuticle is very 
efficient in preventing water-loss. Additional layers of wax 
(as, for example, in the apple), or of resin (as in horse- 

4 — 2 
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chestnut buds), sometimes add to the efficiency of cuticularized 
dermal coverings. 

Transpiration is usually more vigorous from the stomatal i 
than from the astomatal surface of a given hvpostomatal 
leaf, and correlations have been found to exist between the 
numbers of stomata on and the rates of transpiration from the : 

upper and lower surfaces of a given amphistomatal leaf. | 

Although the simplest and most probable explanation of these < 

differences in rates of water-loss from opposite surfaces of the ’ 

same leaf is that stomatal exceeds cuticular transpiration, it 
should be realized that cuticular transpiration is also taking 
place from the stomatal surfaces, and that it may be greater 
there than from the astomatal surfaces. Further ei’idence 
must therefore be sought for the general predominance of 
stomatal over cuticular transpiration. This is given by the 
results of measurements of the diurnal transpiration of leaves 
whose stomata are closed during the night. In one experiment 
on maize it was found that, after making allowance for change 
in the evaporating power of the atmosphere, the direct effect 
of darkening the leaves was to reduce transpiration to one- 
twelfth of the maximum daytime value. This reduction may 
have been in part brought about by a diminution in cuticular | 
transpiration, vffiich, of course, persists during the night. 
Experimental data on the direct effect of light on the evapora- 
tion of water from living cells show, however, that cuticular 
transpiration, at the very most, would not have been reduced [ 
by more than one-half by darkening the leaves. Consequently, 
we may infer that the chief cause of the reduction was the * 
cessation of stomatal transpiration when the apertures closed. ! 
It would follow that stomatal transpiration was, in the ' 
daytime, much more vigorous than cuticular transpiration. 

Thus, assuming that stomatal transpiration ceased completely, ? 
and that cuticular transpiration was actually reduced to 
one-half on darkening, we can calculate the rkio, cuticular * 
transpiration/stomatal transpiration, for the leaves transpiring 
in the hght. In the daytime, cuticular transpiration -j- stomatal 
transpiration = 12 units ; at night, cuticular transpiration (day 
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value)/2 = 1 unit. Hence cuticular transpiration (day value) 
= 2 units, and stomatal transpiration (day value) = 10 units. 
Consequently, stomatal transpiration would be five times 
greater than cuticular transpiration during the day. 

It appears that when stomata are wide open, stomatal 
transpiration on the average accounts for 80 per cent, of the 
water-loss from the surfaces of leaves. There is, however, much 
variation from leaf to leaf. For young leaves with thin cuticle 
and partly developed stomata, cuticular may exceed stomatal 
transpiration. On the other hand, stomatal transpiration 
accounts for nearly all the water lost from a fully developed 
leaf with a thick cuticle. 

Finally we note that whereas cuticular transpiration simply 
consists in the evaporation of water from the wet walls of 
epidermal cells, stomatal transpiration proceeds in several stages. 
When the stomata of a leaf placed in unsaturated air begin 
to open, water-vapour will diffuse out from the intercellular 
spaces through the stomatal apertures,^ and, consequently, 
the saturation-deficit (p. 102) in the intercellular spaces will 
increase. Hence the evaporation of water from such wet cell- 
walls as abut upon these spaces will be promoted. As long 
therefore as stomata remain open and the outside air remains 
unsaturated, water will be lost from the leaf as a result of the 
combined action of these two component processes of stomatal 
transpiration, viz., evaporation and diffusion. 

D. The Rate of Transpiration 

Theinterpretutimi of the results of field experiments, Briggs 
and Shantz, and Maximov (see Maximov, P5) have indepen- 
dently collected strong evidence, for a wide range of plants, 
that transpiration under natural conditions often marches with 
solar radiation. In this respect they found that transpiration 
resembled the physical process of evaporation, which was 
simultaneously measured. Their results showed that during 

n The rate (for a turgid shoot) will depend upon the diameto and 
length of the pores, and the pressure gradient (see chap. X, section D). 
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the day both transpiration and evaporation marched with the 
saturation-deficit, 1 and they concluded that solar radiation 
affected the evaporating power of the atmosphere by influencing 

the saturation deficit. ^ 


The term saturation-deficit refers, of course, to the difference 
“ ^e) between the saturation-pressure (PJ for water- 
vapour in air at the temperature of the experiment, and the 
actual pressure of water-vapour (P^) in the air at the time of the 
experiment. Clearly the two factors wdiich determine the 
magnitude of the saturation-deficit are temperature and 
humidity, for the saturation-pressure Pj is solely governed by 
the temperature, and P^ is a measure of the humidity.® Pre- 
sumably, solar radiation affects saturation-deficit by go'vernino 
the temperature of the atmosphere. ^ 

In the field experiments under discussion, the close corre- 
spondence of transpiration to evaporation did not continue for 
all the plants during the hours of darkness. As the temperature 
and hence the saturation-deficit, duninished, both evaporation 
and transpiration decreased. In some of the plants, however 
transpiration fell relatively far more than evaporation, i.e! 
relative transpiration (T/E) was higher during the day than the 
night. It was inferred that the powers possessed by these plants 
of regulating transpiration are relatively more effective after 
sunset. In these experiments storaatal closure induced by the 
absence of light was probably responsible for such falls in 
relative-transpiration as were observed. 

The results of these and of other important experiments 
under natural conditions have served to indicate that transpira- 
tion for a given plant is a process which may be affected by 
many separate factors, viz., the external factors, (a) saturation- 


^ In Masmov’s experiments, however, wind produced a marked effeet 
on evaporation, but no apparent effect on transpiration. But there is other 
^vidence that at times transpiration is markedly incased by LI move^ 

carefulIvfoLtff TrsideLT" ^^“on-deaeit and humidity should be 

SiStv of the th ^ separate localities where the 

mimioity or tiie air is the same and the temperature dilferent 
satmation-deficit would be higher in the warmer Sty 

^ saturation -deficits may be hio-her on 
cold dry days in the winter than on warm moist days in the^summer. 
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deficit (which is the resultant of the effects of temperature and 
humidity) ; (&) wind- velocity ; (c) light-intensity ; and (d) the 
water-content of the soil ; and the internal factors, (e) the 
dimensions of stomatal apertures ; and (/) the water-holding 
power of transpiring cells. We may suppose that the rate of 
transpiration at any time will be limited either by the rate of 
the evaporation component, or by that of the diffusion com- 
ponent of the whole process. All the factors listed above can 
affect evaporation, and all, excepting (/), diffusion. The 
influence of (c) and (d) on diffusion is indirect, and is exerted 
on (e). 

The influence o/ external factors on the rate of transpiration^ 

For the consideration of the effect of external factors we must 
postulate that the plant itself is well supplied with water, and 
that the stomata are wide open,^ ix., internal factors are tending 
to facilitate and not to hinder transpiration. Under constant 
light-intensity in. still air, transpiration is governed by the 
saturation-deficit. In a shoot well supplied with water the 
pressure of water- vapour in the intercellular spaces may be 
represented by P^, the saturation-pressure of water- vapour at 
the temperature t Diffusion of water- vapour will inevitably 
take place through the wide-open stomata so long as exceeds I 

Pg, the actual pressure of water- vapour in the outside air. The ! 

rate of diffusion will be proportional to (P^ — Pj)/L, where j j 

L is the mean length of a stomatal pore. For a given shoot- ^ 

system, L is constant ; consequently transpiration would be pro- 
portional to P^ — P^, the saturation-deficit. The rate of trans- 
piration could be increased at constant temperature by lowering 
the humidity, or at constant humidity by raising the temperature. I 

Further, for a given shoot-system well supplied with water, : j 

with wide-open stomata, and kept in air at a constant satura- . : I 

tion-deficit, there is some evidence that transpiration may rise \ i 

in response to an increase in light-intensity or to the occurrence 

^ It is not easy to get a measure of transpiration wMe stomatal aper- 
tures remain open to constant size. In order to eliminate the effect of , 

stomatal movements, F, Darwin covered the lower surface of a hyposto- 
matal leaf (e.g., cherry laurel) with vaseline, and arranged for communica- 
tion with the outside atmosphere by making small slits between the veins. 
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of gentle air-movements.i Light-energy when absorbed by 
plant-members is largely converted into heat-energy. Xije 
temperature of illuminated leaves thus tends to rise and 
transpiration is promoted. But light-energy may, without 
conversion into heat-energy, occasion changes in the rate of 
transpiration. It has been suggested that increase of light 
leads to an increase in the permeability of protoplasm, and 
hence to an increased rate of supply of water to the wet walls 2 
Air-movements remove from the surfaces of leaves, particularly 
in the vicinity of the stomata, layers of air richer in water^ 
vapour than is the main body of the air. In stdl air the presence 
of these layers would reduce the diffusion-gradient along the 
stomatal pores. Consequently the rate of diffusion through the 
stomata would be diminished, and transpiration retarded. 


The influence of internal factors on the rate of transpiration. 
Livingston, by showing that relative transpiration (T/E) 
fluctuates during the course of twenty-four hours, has provided 
us with the clearest demonstration that transpiration for a 
given plant is not wholly governed by the evaporating power of 
the a,tmosphere. There are internal factors which appear to 
contribute to the power a plant possesses of regulating its 
transpiration. Of these factors, (i.) the width of stomatal 
apertures, and (ii.) what has been termed the water-holding 
power of cells, have received the greatest attention. It is 
difficult to arrange ideal conditions for the separate study of 
these two factors. When stomatal control is to be studied the 
transpiring shoot should be well supplied with water, in order 
to keep the water-content of the cells as high as possible. In 
contrast, for the study of controls other than stomatal, measure- 
ments have been made of the transpiration of shoots which were 

causing branches to sway, lead to the 
expelling of water-yapour in mass. Secondary effects, as a rule result 
during windy weather, e.g., stomata often tend to close, and thuf the 
intensity of transpiration diminishes. 

® It should be noted that we have ruled out any possibility of stomatal 
movements under the influence of light by postulating tha/the stomata 

Sir Fricis fia?win cmpllyefhyrosfomafal 
wUr “ footnote, p. 103. This work has been repeated 

by Hendereon {6S), who avoided some possible sources of error in Darwin’s 
exp criinGnt s ¥ 
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incurring an increasing water-deficit, or were wilting, owing 
either to an inadequate water-supply or to the high evaporating 
power of the atmosphere. Although in such experiments there 
is no way of controlling the size of stomatal apertures, inferences 
concerning the water-holding power of the plant may some* 
times be made from the data gathered. For instance, it was 
observed that under constant external conditions the transpira- 
tion of a wilting leaf diminished while the stomata showed a 
tendency to open. Hence it was concluded that the leaf had 
exercised over its transpiration a control which was independent 
of stomatal movements. Maximov studied this phenomenon 
by working in the afternoon and evening with plants {e.g,, 
maize) whose stomata closed at about noon, and found that 
transpiration, which was, of course, entirely cuticular, was 
markedly affected by the water-supply. 

(i.) The width of stomatal apertures and the rate of transpi- 
ration, The extreme view was once held that transpiration is 
wholly governed by stomatal guard-cells. The results of 
experiments in which transpiration, evaporation, and stomatal 
apertures, have been simultaneously measured (for a brief review 
see Barton- Wright, 11) have, however, established the fact that 
the width of stomatal apertures is only one of the restrictive 
influences, external and internal, which are operative in 
determining the rate of transpiration. For instance, Loftfield 
found {a) that only cuticular transpiration can occur when 
stomata are completely shut ; (b) that stomatal regulation 
of the transpiration of a leafy shoot well supplied with 
water usually occurs during the final phases of a closing 
movement and during the initial phases of an opening move- 
ment (thus, in general, stomatal apertures and transpiration 
increase together early in the day) ; (c) that stomatal regulation 
during closure often has the functional value of facilitating the 
recovery of healthy turgor by shoots which have shown a 
tendency to wilt (thus closure by night aids the making good of 
water-deficits incurred by an excess of transpiration over 
absorption by day) ; and (d) that when stomatal pores are 
wider than one-half of their maximum width, either some other 
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internal factor or an external factor {e.g., saturation-deficitV 
governs the rate of stomatal transpiration to an ever increasing 

Since the laws governing the diffusion of gases throush 
minute apertures (p. 152) apply also to the diffusion of water- 
vapour, it follows that when the rate of stomatal transpiration 
for a given leaf, is restricted by the size of stomatal apertures’ 

It will be the mean diameter of the pores and not their mean 
area which will govern the rate. The mathematical relations 
that have been developed from the diameter-law indicate that 
for many leaves, far more water-vapour could diffuse in unit 
time through fully open stomata than is ever actually lost 
by transpiration. This supports Loftfield’s contention that 
stomatal regulation is not encountered when stomatal pores 
are wider than one-half of their maximum width : other factors 
then limit the rate of transpiration. For narrower pores, when 
stomata exert a regulatory influence, the fact that the transpira- 
tion IS governed by a diameter-law is not an advantao-e to 
the plant, since the rate of decrease of transpiration during 
closure is less than it would be were diffusion governed by an 
area-law. For example, for circular apertures, halving the 
diameter would approximately halve the rate of transpiration, 
and not reduce it to one-quarter, as would result under an 
area-law. 

(ii.) Water-holding power of cell-walls, and the rate of 
iranspiraiion. _ Livingston and others have reported that | 
relative transpiration (T/E) sometimes falls during the course 
of the day before stomatal closure begins,i and they have 
consequently inferred that plants are capable of a non-stomatal ' 
foliar regulatory response. Livingston and Brown supposed 
that a state of incipient drying may be set up when the 
transpiration rate is high, and that this leads to an increase . 
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in the water-holding power of the cells in the transpiring 
shoot. 

Sresnevski’s theoretical considerations suggest that foliar 
regulation of this type would be a purely physical phenomenon. 
One may picture the cellulose cell- walls of plants as porous 
fabrics which imbibe water from the saturated protoplasts or 
directly from the conducting tissue-elements in the xylem. If 
the rate of water-supply is high, the minute capillaries in the 
walls will be filled — and there may even be liquid water on the 
outside. Evaporation would then occur as from the surface of 
water in a vessel filled to the brim. But in detached tissues 
drying in air, or in attached shoots when transpiration is in 
excess of the supply arriving at the transpiring regions, the 
outer layers of the cell-walls will inevitably tend to dry. 
Consequently the curved menisci of the fine water columns will 
gradually approach the protoplasts. Sresnevski pointed out 
that physical theory supports the view that as water thus 
recedes in the minute capillaries of cell-walls, the rate of 
evaporation will progressively decrease. 

Experiments also lend support to these views. Thus it is 
well known that the rate of drying out of water-saturated 
fabrics decreases as their water content falls, and that it is with 
difficulty that the last traces of water are expelled. Plant- 
tissues behave similarly. For example, the rate of water- loss 
from ripening seeds is at fii’st rapid, but later diminishes ; and, 
after gathering, the mature seeds may retain water for long 
periods even when stored in dry air. The drying-out of leaves 
in air illustrates the same principle. Bews found that the 
average rate of water-loss from certain leaves on the first 
afternoon immediately after cutting was 0'12 grams per leaf 
per hour. On the next afternoon for the same leaves under the 
same conditions the rate had fallen to 0‘03 grams per leaf per 
hour. Had the original rate of loss been maintained the leaves 
would have been quite dry after sixteen hours, but they still 
contained 0-004 grams of water after three and half days. 

Knight { 82 ) by an ingenious method investigated the effect 
of less drastic drying on retentivity. He found that the 
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Fig. lO.—The influence of water-content of the leaves on the 
transpiration of Eupatorium adenophorum, (From Kniffht 
see text ) S = stomatal aperture, E = evaporation 
measured by an atmometer), T = transpiration. The air- 
current was stopped at 3.80 p.m. and started again at 4 p.m. 

of the cell-walls, and hence for the fall in the rate of transpira- 
tion. For a short period during the course of the experiment the 
air-current was stopped, and absorption temporarily exceeded 
transpiration, which fell to a low level. Consequently the 
water-content of the shoot increased during this period. 
When the air- current was started again, transpiration at once 
increased, and attained a value that was greater than the rate 
just before the current was stopped, when the water- 
content of the shoot was considerably lower. This increase of 
rate, therefore, provided further evidence that the rate of 


1 ate of transpiration of a leaf}^ shoot of Eupaiorimn ddenophorum^ 
although it was throughout the experiment greater thaii 
absorption, diminished when the shoot was exposed to an 
artificially generated current of air, in spite of the facts that 
the evaporating power of the atmosphere remained constant, 
and that the stomatal apertures widened slightly (see fig. lo)! 
The total water-content of the shoot decreased by 413 mg., and 
Knight inferred that the incipient drying represented by this 
deficit was responsible for the increase in the water-holding power 
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WATER-BALANCE 


transpiration bore a relation to | A. 

the water-content of the trans- 

piling shoot. \ 'm III 

E. Notes on the Water-balance of WAk 

Transpiring Members, Water- \| ^ 
deficits, Wilting, and Drought- ^ ^ W/^ 

resistance^^~"^^ m 

The total water-content of a 
transpiring member fluctuates daily ? )1|| 

owing to changes in the relative I /j 

rates of supply (compounded of 
rates of absorption from the soil ^ j Ij ^ 

and of conduction in the plant) f J 

and transpiration. When supply r| ||| |p 

exceeds transpiration there will be ^ 

a positive water-balance, and the 
turgor of the living cells will in- 
crease. Such a state would favour 
growth in length, and might be 
brought about (a) by the promo- 
tion of absorption and conduction- 
through an abundant supply of mW&J 
soil-water, and warmth, or (h) by 
the restriction of transpiration 
through the narrowing of stomatal 
apertures, or the decreasing of the V 

saturation-deficit. /==— ) 

A negative water-balance results j' 

whentranspiration exceeds supply. 1 — — , , 

The creation of water-deficits on c • - . -r-r i- 

balance are due, not to a stoppage Fig. ii. --Apparatus 
, . no • . t strating and measu 

of supply, but to an insumciently of absorption of wi 

rapid supply. Thus they may be under various coi 
^ ^ p. 82). By determi 

^ Suggestive and critical discussions in weight of the w 
of these important topics will be found in transpiration may 
Maximov { 95 ), Part HI. simultaneously. 
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brought about (a) by the promotion of transpiration through 
the opening of stomatal apertures, the drying of air or tL 
rising of the wind ; or [b) by the retarding of absorption and 
conduction through the drying of the soil, or the reduction 
of temperature. Simple experiments on the water-balance of 
plants may be performed with the apparatus Ulustrated in 

Ilg. 11. 


Turgor pressures will be reduced in the cells of plant-members 
which are incurring water-deficits, and there will be danger of 
wilting. Drooping leaves are familiar objects in all seasons. 
Thus m winter, on dry frosty days, water is absorbed extremely 
slowly, and the leaves of evergreens may wilt ; transpiration may 
be slow, but supply is even slower. We associate wiltiiw in the 
Jimmer with periods of drought, i.e., with high saturation- 
delicits and soils which lack available water. The old taw 
“ soils physically wet may be physiologically dry ” has point 
here ; since it has been found that, for a given plant, the per- 
centage of water that a soil must contain to save the plant from 
wilting depends upon the nature of the soil. Thus Bricks and 
Shantz found that what they termed the “wilting coefficient 
ol the soil the water-content of a soil, expressed as a 

percentage of its dry-weight, when wilting was observed) 
might fluctuate for a given plant from less than 1 per cent, for 
a dune sand to 17 per cent, for a clay loam. It is not surpridng 
that values for the unavailable water (p. 82) and the wilting- 
coefficient march together in the different soils of the seri^ 
sands, clays, loams and peats. 

The unsatisfactory terms transient wilting and perma- 
nent wilting have been used to describe degrees of wiltinc. 
Transient wilting can be corrected simply by shading plants 
so as to reduce transpiration, but root-systems do not recover 
from permanent wilting unless they are watered. We may 
group these together as reversible forms of wilting, since both 
are transient and neither is permanent, and use the term 
irreversible wilting when, even under the most favourable 
conditions, turgor is not regained. 

It will be realized that during wilting, as turgor pressures 
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decrease, cells contract « Certain observations suggest that 
whereas the volumes of the cells of herbaceous plants living in 
the open may contract considerably before turgor is finally 
lost, quite small contractions lead to the loss of turgor by the 
cells of shade-plants. Consequently shade-plants tend to wilt 
more readily than plants which normally grow in the open. 
During prolonged periods of drought, however, ail plants are in 
danger of injury. Resistance to water-loss may increase owing to 
the narrowing of stomatal apertures,^- and the drying cell-wall, or 
substances (e.g., mucilages) within the cells, may hold water 
ever more tenaciously ; but sooner or later cells in which the 
water-deficit steadily increases will cease to possess turgor. 
At this stage the cells, which will have contracted to their 
maximum extent, will be surrounded with air (c/. cells which 
are just plasmolysed : these are immersed in a hypertonic 
bathing solution). Further evaporation leads to the contraction 
of cell contents, and the cell-wall, being drawn in with them, 
becomes folded and wrinkled (cf. plasmolysis, in which the 
protoplast withdraws from the cell-wall, the intervening space 
being filled with the hypertonic bathing solution). Iljin has 
suggested that injury and death, which follow irreversible 
wilting, are caused by the deformation or tearing of the shrink- 
ing protoplasts of drying cells, and has thus virtually related 
all the mechanisms for drought-resistance to the necessity of 
maintaining the structure of living protoplasm. The considera- 
tion of problems concerning these mechanisms belongs to the 
province of ecology. 

Actually during wilting there is a complicated succession of closing 
and opening movements of stomata. Of course, closure is an effective 
protective mechanism ; but opening, although it may serve to prevent 
starvation, aggravates the menace of persistent conditions of drought. 





CHAPTER VIII 
THE CONDUCTION OF WATER 

A. The Charuiels and Rate of Conduction 

CotiducUon in xyleni tissue. The phrase “ up the wood and 
down the bast ” summarizes the views that have long been 
held concerning the movement of liquid in plants. What is 
meant is that water, and mineral salts and other solutes 
migrate to all parts of the plant in the xylem, and food- 
imterials manufactured in green cells are conducted in the 
phloem to regions of growth and storage. Malpighi’s ringing 
experiments performed in the late seventeenth century indi- 
cated that different powers of conduction are possessed by 
wood and bark. He removed a girdle of bark from a woody 
stem, and found that, although the growth of roots was inhibited 
below the girdle (of. pp. 129 and 131), leafy branch shoots 
developed above. Malpighi thus demonstrated that bark need 
not be present for the upward conduction of water, but must be 
present for the downward conduction of food. The importance 
of xylem in the conduction of water, with which we are at 
present concerned, was established in the last century, when 
it was shown that the leaves of a cut shoot {e.g., elder), with the 
cut end submerged under water, did not wilt rapidly when a 
girdle of extra-cambial tissues was removed, and a length of 
pith bored out. Moreover, it was observed that when measures 
were taken to prevent morbid changes such as drying and 
rotting m the region of the ring the leafy crown of girdled trees 
remained alive and grew for a long time. Clearly water must 
have been conducted in the xylem across the girdled portion 
of the trunk sufficiently rapidly to replace the water lost by 

transpiration and to effect turgor-enlargement in the growing 
regions, & s 
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CHANNELS OF CONDUCTION 

Ringing experiments have also shown that older woody 
tissue may lose the power of conducting water. Thus, when 
it was observed that shoots wilted above the girdles made by 
removing bark and the outer regions of wood from the stems of 
oak, pine, and some other trees, it was concluded that the 
inner duramen layers cannot conduct water sufficiently rapidly 
to maintain turgor in the leafy shoots. 

Conductioninthe Imninuofvesselsandtracheides. The earlier 

anatomists ascribed to the woody fibres the function of con- 
ducting water, and to the tracheal elements that of providing 
conduits for the movement of air. But it is now established, 
and readily demonstrated, that water ascends in the lumina 
of the vessels and tracheides. Cut leafy shoots, placed in 
water, wilt if the lumina of the v^essels have previously been 
blocked with gelatine or a wax that has a low melting pomt.^ 
This experiment shows that the residual conducting power of 
the shoot after blocking the lumina is insufficient to maintain 
turgor. Hence it follows that water cannot ascend along cell- 
walls (as Sachs believed it could), or through parenchyma, 
sufficiently rapidly to prevent wilting. The suppression of 
conduction by the occlusion of the lumina of vessels may also 
be demonstrated by applying pressure with a screw-clamp to 
the stem of a leafy shoot fixed in a potometer (fig. 9). Com- 
pression leads to a reduction in the rate of absorption, which 
may fall to zero. If the screw-clamp is then loosened, water is 
again absorbed. 

A simple method of demonstrating that water can ascend in 
vessels is to leave cut transpiring shoots of a herbaceous plant 
in a solution of a dye (e.g.) eosin) for a period, and then to 
make transverse sections at different levels, and examine 
under a microscope. The dye, which will be passively carried 
in the ascending liquid, will stain the walls of the conducting 
tissue-elements, viz., the vessels. In the light of the knowledge 

^ After occlusion has been effected by placing the cut shoot m the 
molten substance for a period and then cooling, a thin section should be 
removed from the base of the stem, so as to ensure that the cell-walls^ ot 
vessels and parenchyma are exposed to water when the cut end ot the 
, shoot is submerged. „ 
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gamed from other experiments we may assert that the coloured 

liquid ascends in the lumina of the vessels. 

The conduction of sap. Strasburger obtained con- 

vincing evidence that sap can move downwards as well as 
iipwards in the conducting channels. He observed a pair of 
trees whose stems, having come into contact, had fecome 
organically fused, and severed the stem of one of the trees 
below the region of fusion. He thus arranged that the leafv 
tancte ot the severed tree below this region were depenSM 
on the water absorbed by the roots of the entire tree, and 

* branches lived for a long time con- 

cluded that water was supplied to them by an upward move- 
ment of sap m the wood of the entire tree, and a downward 
movement in the basal part of the severed' limb of throTe^ 

A recent experiment of Dixon’s is also informative. He 

that It migrated _m the wood vessels into the stem below 
early, therefore m considering the movement of liquid in the 
wood, we must remember that, in addition to the ascent of sap 
downward movement may be occurring simultaneously ’ 
The rate of conduction of sap. Much variation occurs in 

the rate at which sap moves in the conducting channels of 
a given plant. The rate is relatively high when a lea^v 
shoot IS transpiring freely, and may be extremely low when 
transpiration is feeble. When, during dry summer weather 
turgor IS maintained in the cells of growing^hoots at the top of 
a tall tree with a great leafy crown, the average rate over a 

twenty-four hour period approaches a maximum value 

Sachs obtained numbers representing relative rates of ascent 

for different plants by watering the roots with solutiorS 

lithium nitrate, and tracing the ascent of this salt by means 
of a spectroscope. He found that, under the conditions of the 

fX“’ fmef ^ which varied 
trom 0 2 to 2 metres per hour. Numbers of a similar order 

have been obtained by measuring the rates of ascent of eosin 

in cut shoots of various species. The observed rate was. 
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however, higher in vstems possessing vessels with large dia- 
meters. For example, a rate of 6 metres per hour was measured 
for shoots of climbing plants {e,g,, Bryonia). Clearly, if a given 
area of conducting tissue is occupied by a few vessels of large 
diameter, the frictional resistance offered by the tracheal walls, 
would be less than if the area were occupied by a large 
number of narrow tracheal elements. 

In performing experiments on the rate of movement of 
sap, Farmer {4S) employed the notion of the specific con- 
ductivity of wood, which he defined as ‘‘ the absolute volume 
in CCS of water passing through 1 sq. cm. of a 15 cm. length 
of cut stem or root in fifteen minutes under a pressure head 
of SO era. mercury.” The variability of frictional resistance 
from species to species is illustrated by the fact that the specific 
conductivities he measured ranged from 0-86 to 95. As might 
be expected, the specific conductivities were found to be rela- 
tively high for trees that can transpire freely. 


B. On the Motive Power that Propels Sap 

Vital activity of xyleni-^parenchyma not necessary, A compre- 
hensive theory of the ascent of sap must be able to account 
for the movement of sap, in the lumina of vessels and tracheides, 
from the absorbing regions of roots to the tops of the tallest 
trees, at a sufficient rate to replace the water lost by transpira- 
tion, and to bring about turgor-enlargement in the growing 
regions. We can therefore at once rule out the idea that atmo- 
spheric pressure is the sole agency, for its maximum effect would 
be to support a 34-foot column of water, whereas a general 
explanation must account for ascents of 300-400 feet in trees 
such as the giant Sequoias of California. Furthermore, capillary 
rise in the lumifia of vessels is of trifling significance in tall shrubs 
and trees, since in narrow vessels of diameter 0*03 mm., the 
capillary rise would be less than 4 feet. 

Many physiologists have favoured the view that the ascent 
of sap is effected by a sort of pumping action of the living 
parenchyma in proximity to the conducting vessels and 
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tracheides. Concerning the older theories, Jost {74) states 
that ; “ the essential point in all these theories is that parenchy- 
matous cells abstract water from one vessel and hand it on to one 
higher up.” Bose has recently advocated a vital theory of the 
ascent of sap, in which he attributes the ascent to pulsations in 
the inner parenchyma of the cortex. And there are others who 
support the view that the ascent of sap is dependent on the 
vital activity of living cells in or adjoining the vascular systems 
of root and stem. The majority of physiologists, however 
have attached great significance to experiments, such as those 
of Strasburger, in which it was demonstrated that sap can 
ascend along lengths of stem which had previously been killed 
by heatj or with cell-poisons such as picric acid. 

Strasburger sawed through the base of the bole of a young 
oak tree, and slung the severed trunk and branches by ropes 
attached to supports. He then caused the severed bole to be 
swung so as to bring its cut end into a tilted tub eontainin<r 
picric acid. This poison reached the top of the tree. Eosin 
was added to the liquid in the tub three days after the beginning 
of the experiment, and it was observed that this dye was 
passively carried to the top of the tree in spite of the fact that 
the picric acid had previously killed the living cells in the 
conducting channels. It was considered 
that this and other similar experiments demonstrated that 
^p can ascend m xylem containing no living cells. Applying 
Occam s razor, ^^Entia non sunt multiplicanda praeter necessi- 

tatem many physiologists have therefore concluded that the 

actual mass movement of sap in vessels and tracheides of living 
trees is a purely physical process. Those who hold such views 
regard these conducting elements as so many pipes along which 
water is propelled in living trees by forces that are operative 
either in the absorbing regions of the roots or in the living 

regions to which water is conducted in the leafy shoot 

«Jone irmdequute. In the spring just before 
buds develop the water that is absorbed from the soil may be 
secreted into xylem-vessels under considerable pressure (p. 85). 
Root-pressure may attain magnitudes of 3-4 atmospheres, but 
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the for a given plant is as a rule well under 2 atmo- 

spheres. Conceivably then, in the spring, when transpiration 
is low and root-pressure is at its maximum, sap may be raised 
from 50-100 feet, but no more, by forces operative in living cells 
within the endodermal cylinder of roots. But root-pressure 
rapidly diminishes and may fall to a very low level when 
transpiration becomes active, after the unfolding of the leaves. 
Hence root-pressure cannot be the prime operative force when 
sap is ascending most rapidly. 

The exertion of the motive poiver as a property of the shoot 
system. Having eliminated the possibility that pump action 
from below, or at different levels along the conducting channels, 
causes the ascent of sap to the tops of tall trees, physiologists 
then considered those forces which may be operative in trans- 
piring shoots. The preliminary work justified the formuktion 
of a tentative hypothesis, viz., that tensile pulls exerted in the 
transpiring shoot may provide the motive power that propels 
sap, and led to the development of the cohesion theory of 
Dixon and Joly. 


C. The Cohesion Theory of the Ascent of Sap 

The pulls occasioned by transpiration, and caused by imbibition 
or osmoUc suction. Parallel experiments (figs. 12 and 13) 
indicate that evaporation from the wet walls of a porous pot, 
and transpiration by the living cells of a leafy shoot, ma,y each 
give rise to pulling forces on continuous columns of liquid, and 
thereby actuate an upward movement. Considering the 
physical model (fig. 13) first, we note that a “ tendency to a 
vacuum ” will not alone account for the ascent of liquid, seeing 
that the mercury has, in certain experiments, been pulled up 
to heights greater than 76 cms. A reasonable explanation may 
be offered if we suppose that there are minute capillaries 
within the walls of porous pots. In such a system a relatively 
long continuous column of liquid can be supported : for it is 
well known that the height to which a given liquid rises in a 
capillary tube of given material is inversely proportional to 




Figs, 12 and 13.— Exj 
both transpiratior 
pot may set up 
water and mereui 
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the diameter. For example, water rises 3 cms in a glass capillary 
tube of 1 mm. bore, 30 cms when the bore is 0*1 mm., 300 cms 
when the bore is 0*01 mm. etc. The entry of water into the 
minute capillaries of a dry pot actuates an upward move- 
ment in the whole liquid column within the pot and glass 
tube and causes a slight rise. Owing to the powerful forces of 
adhesion between water and earthenware, water and glass, 



Fig. 14 . — The water hammer. (From Dixon, 39a ; see footnote.) 

and water and mercury, and of cohesion between the 
molecules of water, the liquid column keeps entire.^ When 
the water arrives at the outer surface of the pot, evapora- 
tion occurs from the concave menisci of the narrow water 

1 The water hammer (fig. 14) may be used to demonstrate the existence 
of forces of adhesion and cohesion. Thus by carefully tilting the water 
hammer from position A to position B and finally to position G, it can^ be 
shown that the forces of adhesion between water and glass, and cohesion 
betw^een water molecules, may be sufficient to resist the action of the 
gravitational force on the whole column of water. 
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columns in the capillaries. As long as the liquid column 
below remains entire, continuous evaporation occasions a 
continuous mass-movement of water towards the capillaries 
in the pot. In brief, we have a dynamic system open to the 
atmosphere in which a pulling force results from the high 
forces of adhesion between water and porous pot, and causes 
the upward movement of liquid. na causes 

According to the theory of Dixon and Joly analogous events 
may occur in the system with the leafy shoot (hg. 12) when this 
is placed in an unsaturated atmosphere.i They imagined that 
capillaries approaching molecular dimensions traversed the wet 
walls of transpiring cells, and pointed out that the diameters 
of such capillaries would be small enough to support columns 
of water of heights far greater than those of the tallest trees. 
The first stage in transpiration would then be the evaporation of 
water from the concave menisci of the exceedingly narrow 
water columns in the capillaries, and the second, diffusion into 
the outer atmosphere. Once more, therefore, we have a 
dynamic system open to the atmosphere. In this system, the 
evaporation component of transpiration occasions a pull 
that is transmitted by the liquid in the turgid parenchyma of 
the leaf to the liquid in the conducting channels of the xylem, 
and thence to the continuous column of liquid (water and 
mercury) in the glass-tube below. 

Dixon and Joly maintained that in a whole plant rooted in 
the soil, tensions are transmitted by the continuous columns 
of liquid in the xylem all the way down to the level of the 
absorbing region of the root. At this level, lateral movement 
of water under tension may occur from the soil-solution, and 
induce an upward movement of water in the soil from 
the water-table. The continued movement of water in soil 
and plant depends upon the existence in the shoot-system of a 
suction force occasioned by transpiration (hence the term 
transpiration stream), and on the cohesive properties of 


of saturated atmospheres, the secretory activity 

ou which but the evideneV 

way (sLi4, Sat interpreted in another 
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B'ig. 15. — ^Types of experiment which may be used to demonstrate 
that osmotic suction, imbibition, or surface tension, may 
exert tensile pulls which are transmitted along continuous 
liquid columns of water and mercury. Fig. 15, « • the ascent 
of liquid under the agency of osmotic suction. Fidler placed 
a saturated solution of cane-sugar in a narrow tube separated 
from water contained in a wide tube by means of a sound 
piece of animal bladder. As water passed by osmosis across 
the bladder, mercury rose from the reservoir and ascended 
towards the solution of sugar. This was kept saturated by 
the addition of crystals. Fig. 15, b: the ascent of liquid 
under the agency of imbibition. Fidler placed a dry pea, 
with the micropylar end lower-most, inside a thin piece ot 
rubber attached to a glass tube as shown in the diagram. 
He Med the glass tube with water and placed it in a trough ot 
mercury, and covered with vaseline the surface of the pea 
exposed to air. The pea absorbed water, and mercuy rose from 
the reservoir and ascended towards the swelling seed. Fig, 1 5, c . 
the ascent of liquid under the agency of surface-tension. In 
this experiment a length of dry chalk covered wi^ vaseliM, 
or of woody twig, is fixed in the piece of rubber tubing. _The 
capillary rise of liquid in the chalk or in the woody twig is 
followed by the ascent of mercury from the reservoir. 
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sap (see next sub-section). Plainly, suctional forces which 
. develop independently of transpiration are also effective In the 
growing regions, forces of imbibition i and osmotic suction will 
exert tensions and pull sap in the direction of enlarging cells 
It is easily shown that the absorption of water by osmotic 
suction, imbibition, and surface tension, can occasion the 
upward movement of continuous columns of liquid (fig. 15 ) 

Several phenomena may be explained by supposino' that 
distributed pulls of different magnitude are simultaneously 
operative on the continuous columns of sap. For instance 
competition between the transpiration pull and the suctional 
pull m growing regions would explain the fact that the rates of 
powth and transpiration are often inversely related. An 
interpting illustration of competition between distributed trans- 
piration pulls has been recorded. Yapp (see Maximov, 95) 
observed that during a period of drought the shaded leaves of a 
weeping ash wilted every day while those directlv exposed 
to the sun’s rays remained perfectly fresh. We may suppose 
that the intense transpiration pulls e.xerted by the leaves that 
were exposed to the sun deflected water from the conducting 
channels on the shaded side of the tree. 

The ten^le strength of sap and its taxation. Dixon and 
Joly attributed the upward movement of sap at the rate 
of the transpiration stream to the tensile forces exerted by 
the ultimate parts of the shoot-system on the continuous 
column of liquid below. They suggested that a column 
of s«p is comparable with a steel wire, in that sap as well I 
as wire may be stretched by tensile forces. To test their i 
hypothesis they performed experiments to determine what | 
tensions would be necessary to pull the sap up at the requisite ! 
rate, and whether the forces of cohesion and adhesion operative 
m the sap were sufficiently high to prevent the breaking of * 
columns of liquid in the conducting channels. In short, they i 


An alternative description of events in transpiring tissues is that unon 
evaporation, unsatisfied imbibitional forces are developed and ’exert 
pulls on the liquid in the turgid transpiring cells etc The fLe^rf 
adhesion between water and cell-wall material are sufficientlv wST to 
account for the ascent of sap to the tops of the taUest trees. ^ ® 
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set out to determine what taxation is imposed on the tensile 
strength of sap, and the sap’s capacity to meet this taxation. i 

It is clear that a tension of 10 atmospheres would be required 
to hold in position a vertical 840-foot column of water. In a , 

840-foot tree, not only must the sap be held in a continuous 
column in the xylem, but it must move at a sufficient rate to 
make good the water transpired. The frictional resistance of 
the walls in the conducting tracts tends to retard movement. * , j 

Consequently, in order to overcome this resistance, greater i 

tensions than 10 atmospheres must be exerted in the trans- i 

piring regions of a 840-foot tree. Dixon found that sap moved ; 

at the rate of the transpiration stream in a piece of horizontally . I 

placed yew stem, of length L feet, when propelled by a pressure- I ' . | 

head equal to the length of the piece of stem used, Le., a 1 1 ; 

pressure of L/84 atmospheres was required to overcome the ' V' \ 

frictional resistance in the conducting channels. Clearly, in j j 

order to propel water at the same rate against the gravita- ^ | 

tional force in a piece of stem placed in a vertical position a ^ | 

pressure of 2L/84 atmospheres would have to be applied. ^ i 

Since the frictional resistance offered by wood to the passage j | 

of water varies from plant to plant {cf. specific conductivities | j ^ 

which are the inverse of specific frictional resistances), we | j 

must not suppose that the relation, tension required = 2L/34 1 1 

atmospheres, is applicable to all stems. But assuming this | ^ 

relation to hold for a certain 340-foot tree, we should con- I 

elude that a tension of 20 atmospheres would have to be ; i 

exerted to effect the ascent of sap at the rate of the transpiration 
stream. We have taken a very tall tree as an example: 1 1 

10 atmospheres would suffice for the tallest British trees. j j 

It is, therefore, a significant fact that suction pressures of the 1 1 

order 10-20 atmospheres are not uncommonin the leaves of trees. | 

The forces of adhesion between water and cell- wall materials 1 1 

may well be over one thousand atmospheres. Plainly, the 
magnitudes of the tensile forces that are known to exist in 
transpiring regions are more than sufficient to actuate the 
ascent of sap at the requisite rate. , 

The critical question now arises, can sap withstand tensions 
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greater than 20 atmospheres ? In other words, are the forces 
of cohesion between like and of adhesion between unlike 
molecules of sap, and of adhesion between molecules of sap 
and the lignified walls, sufficient to maintain continuous upward 
moving columns of liquid when these are subjected to pulls 
greater than 20 atmospheres ? 

Dixon and Joly extended the physical experiments carried 
out last century by Berthelot. They placed a volume (p, ccs 
say ) of air-free water in a thick-walled capillary tube at ^ ° C 
The water was heated to C., at which temperature it 
completely filled the tube. Let us suppose it then occupied 

CCS. The tube was sealed and cooled to C. It was found 
that the water still filled the tube ; i.e., water which had initially 
occupied pq ccs at C. was occupying in a state of tension 

ccs at the same temperature. In order to find the 
magnitude of this tension, Dixon and J oly calculated the pressure 
required to bring about a diminution in the volume of water 
from Cj CCS to ccs at C. In their experiments they used 
different lengths of tube and different initial volumes of water, 
and their results indicated that the stretched water must often 
have been under tensions far greater than 100 atmospheres, i.e., 
the forces of adhesion between water and glass, and cohesion 
between water molecules, proved high enough to maintam 
a continuous column of liquid under tensions greater than 
100 atmospheres. Dixon performed experiments with plant- 
sap also, and obtained remarkable results. He found that 
sap extracted by centrifuging pieces of a branch of Ilex 
aquifoUum withstood a tension of 207 atmospheres. It should 
be noted that this sap was saturated with air. He suggested 
that the cohesion of sap would be increased by substances 
present in the colloidal state. It has since been found that 
higher tensions than those demonstrated by Dixon can be 
withstood by plant-sap ; and it appears that the tensile 
strength of plant-sap might be .such as would permit the 
ascent of sap at the rate of the transpiration stream in a 
tree of gi eater height than Ben Nevis ! These experimental 
results indicate that the tensile strength of sap is but lightly 
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taxed even in the tallest trees of the existing flora, and that 
this physical property of liquids is not the factor that limits 
the height to which trees have so far attained in the evolu- 
tionary process. 

s Summarized statement of the theory » According to the 

theory of Dixon and Joly, which has appropriately been termed 
“ The cohesion theory of the ascent of sap,” the following 
forces are operative in the living cells of the shoot-system : 
i (i.) in transpiring regions, secretion^ and capillarity, (ii.) in 

growing regions, imbibition and osmotic suction. It is supposed 
that these forces exert pulls on sap, which possesses great 
tensile strength, and that mass movement of liquid in the 
xylem vessels and tracheides is thereby induced. The supply 
of water is maintained by the absorption of water by the root- 
system and the secretion of water, usually under gentle pressure 
when transpiration is high, into xylem vessels. No functional 
significance in the conduction of water is attached to the 
presence of living cells in the xylem of the stem. 

Dixon pointed out that the formation in any place of an 
I unbroken diaphragm of air across the xylem would destroy 

i the possibility of the transmission of tensions. It cannot be 

i denied that the constant presence of air in the xylem of the 

stem must be a grave menace to conducting powers that are 
dependent upon the cohesion of sap. Air dissolved in sap does 
not appear to affect the sap’s immense tensile strength (p. 124), 
and the great forces due to the minute size of the bubbles in 
the sap are probably sufficient to prevent their enlarging. It is 
I when air exists as a gas that stability is threatened, and it has 

long been known that more than 50 per cent, of the conducting 
; elements in xylem may contain air under negative pressure. 

Dixon {39a) maintained that “ observation supports the view 
that always during transpiration there are continuous tracts of 
trachese free from air of considerable cross section,” le., in 
spite of the presence of abundant air, there are continuous 
columns of sap for the transmission of tensions, and sap streams 
would pass the air bubbles, “ as water in a river passes islands ” 
^ But, see footnote, p. 120. 
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(Schwendener). It appears, therefore, that the expansion of a,V 
so as to form unbroken diaphragms is in some way prevented 
Dixon suggested that several anatomical structures mio-ht hi 
interpreted as adaptations to this end. Furthermore be 
maintained that the water forced up every spriim by root 
pressure would dissolve many of the air bubbles formed in the 
winter, and thereby promote the conditions for tension in tb» 
conducting channels. 







CHAPTER IX 

THE CONDUCTION OF SOLUTES 

A. The Conduction of Solutes Across Parenchymatous 
Tissues 

Were the conduction of solutes in parenchyma purely a 
physical process one would expect the rates of conduction, for 
a given solute, to be governed by diffusion-gradients and the 
permeabilities of membranes. The migration of the ions 
absorbed from the soil has already been considered from this 
standpoint. Other important sources of diffusible solute 
molecules (i.e., solutes in crystalloidal solution) are green cells 
in the light, and storage-cells in which reserve foods are being 
hydrolyzed. The production of a diffusible solute at these 
sources would steepen a pre-existing diffusion gradient for that 
solute, and so promote conduction. Diffusion-gradients may 
also be steepened by the removal of the diffusing solutes from 
the medium of diffusion {cf. p. 69), as happens in the con- 
sumption of migratory solutes in growth and respiration, and 
in the formation of storage-products. Upon such removal 
solutes will continue to diffuse towards the regions where they 
are consumed or stored, until supply fails at the source. 

One would expect that the slowing down of processes con- 
cerned with removal would lead to a reduction in the rate of 
conduction, and that more rapid removal would promote 
conduction. Experimental evidence supports this view.. For 
example, Puriewitsch excised the embryo from a grain of 
maize planted in the soil, and observed that the removal of 
carbohydrate from the endosperm was inhibited by this opera- 
tion. When the endosperm was placed on the point of a little 
cone of plaster of Paris dipping into water, i.e., upon substi- 
tuting an artificial sink for the natural one, viz., the embryo, 
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the carbohydrates migrated from the endosperm through tb^ 
plaster of Paris into the water. 

In growing plants production and metabolic removal work 
together in maintaining diffusion-gradients. In a growing 
potato plant the sugars, and other diffusible solutes (e g ' 
ammo-acids and amides) that accumulate in green leavi ’S: 
a result of photosynthesis and subsequent changes, continually 
migrate to the growing regions, to the storage-cells of the ^ 
enlarging tuber, and to other tissues where metabolism is 
in progress. When potato tubers sprout, food-reserves are ■ 
mobilized, and migrate as diffusible sugars, amino-acids, amides i 
etc., to the metabolizing cells of the developing shoots. So 
also for germinating seeds, and at all stages during the growth ^ 
of herbs, shrubs, and trees, the migration of solutes is governed 
by metabolic events at source and sink. 

We do not yet know what processes other than physical 
diffusion in a continuous liquid system comprised of wet cell- i 
walls, protoplasts, and vacuolar, sap, play a part in the eon- i 
auction of solutes in parenchymatous tissue. The physical ' 
diffusion of solutes is an extremely slow process. Thus it has been I, 

estimated that in an aqueous system in which a 10 per cent. | 
solution of sodium chloride, a salt possessing high mobility,' 1 
IS continuous with pure water, it would take nearly a year for ^ 
Img. of the salt to travel 1 metre by diffusion. It would appear 
that in living tissue there must be some protoplasmic mechanism 
of promoting along the directing concentration gradients the 
conduction of solutes that diffuse in water even more slowly than 
does sodium chloride. Moreover, cell-walls and protoplasmic- 
membranes resist the passage of diffusible substances (Steward, 
143)- It has been suggested that streaming movements in . 
living cells may, by mechanically mixing solutes, promote 
migration, and that migration may take place from cell to cell 
along the minute canals enclosed by the protoplasmic threads, 
which often penetrate the cell- walls of parenchymatous 
tissue. But the question of what mechanism, if any, 
promotes translocation across living tissue is far from being 
settled. There is, however, abundant evidence that rapid 
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longitudinal transference of solutes is effected in the specially } I 

differentiated conducting elements of the xylem and phloem. ! f 

! !! 

^ • \ I 

B. The Conduction of Solutes in the Xylem f 

' ' f ' 

The sap that is conducted in the xylem is not pure water but j 

a solution of mineral salts and metabolic products. The 
solute particles are passively earned in any mass movement 
of the sap that may occur under the agency of transpiration 
pulls, or osmotic and imbibitional suctions. One may assume 
that the rate of migration of solutes would be that of the 
transpiration stream, which, as we have seen, may be con- 
siderable. There are not wanting supporters for the view that 
transpiration serves the useful or even essential function of 
promoting the conduction of solutes in the xylem (p. 93). 

Dixon and Atkins analyzed the sap obtained by centrifuging 
tracheae that had been removed from the branches and roots of 
i a number of trees, and found that in addition to inorganic 

I salts, sugars, particularly cane-sugar, were present, and usually 

! in higher concentrations than the inorganic salts. They came to 

f the conclusion that the starch in the sheath of wood-parenchyma 

\ round the vessels is the proximate source of the carbohydrates 

that pass into the transpiration stream. Fisher had earlier 
detected reducing sugars in wood-vessels, and proteins, amino- 
. acids, and amides, in sap issuing under pressure during 

bleeding. More recently the presence in the transpiration 
stream of organic as well as inorganic solutes has been demon- 
strated by Priestley for the vine and by Anderssen for the pear 
i tree. 

Since the middle of last century Malpighi’s ringing experi- 
ments (p. 112) have been used as a pattern in many systematic 
investigations of the translocation of solutes. Hartig’s experi- 
ments, reported in 1858, appear to have been the first in the 
opening phase of renewed enquiry into the subject of the 
physiology of conduction. He removed a girdle of bark from 
' a stem of a woody sapling in the autumn after starch had been 

stored in the basal part of the plant. He found that in the 
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following spring all the starch, which had been held in tv 
winter months as solid grains in the xylem-parenchyma and 
medullary rays, disappeared from the basal part (ie from 
be ow the girdle) He ..ggeeted that starch L chaterS 
soluble products which migrated into the vessels and tracheid^ 
and were earned upwards in the ascending sap. Curtis in 1 
recent publication has, however, offered an alternative explana- 
tion^, VIZ., that foods stored below the girdle might havf been 

used m local ^owth, or have travelled downwards in the phloem 
to the roots (section C). F*“cem 

_ The functional significance attaching to the presence of 

inorganic and organic solute molecules *in tracheal sap has been 

the subject of much debate. It appears that the couLtraC 

f sugars IS relatively high in the tracheal sap of woody 

perennials m the spring, but falls when transpiration become! 

active after the unfolding of the young leaves. For the co^ 

eentration of sugars Atkins ( 5 ) has reported that “ the vernal 

maximum coincides with the period of greatest root-pressure 

iTf r or just prior to the opening of the 

that tho!‘ W conclusion 
that those solutes which are rapidly carried in the rich tracheal 

biSr ly f nutritional value to the developing 

buds. Doubtless in the summer, organic solutes, although then 
m much peater dilution, are stiU passively carried in the 
transpiration stream, and some will be consumed and some 

tLt tl / S'^bstan- 

tiates the vmw (section C), that it is nutritive sap from green 

leave. is chMy used to the su™, and that tSHs 

1“ 1923 Dixon oriticiMd this 
in ‘ r! ^be rate of accumulation of carbohydrates 

a potato-tuber, and the cross-sectional area of the phloem, * 
and calculated that conduction of carbohydrates in the sieve- 

ShShTS ^ of migration of solute particles 

as high as 50 centimetres per hour. He pointed out that there is 
no evidence that mass movements of liquid occur in sieve-tubes, 
and concluded that these tissue-elements could not therefore 
be the channels for so rapid a migration of carbohydrates. He 
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suggested that only by the passive carriage of solute particles 
in the sap moving under tensile forces in the xylem could such I 
high rates be attained, and performed experiments with dyes 
to show that solutes may be carried in the transpiration stream 
downwards as well as upwards. 

Whereas Dixon, for a period, attached supreme nutritional 
importance to the solute molecules in tracheal sap, not only in 
the spring, but at all times in the growing season, other workers 
have held that the nutritional significance of solutes in tracheal 
sap is negligible. Curtis asserted that even mineral salts (e.g., 
nitrates) can be conducted upwards by way of the tissues 
external to the wood at a sufficient rate to allow normal growth. 
But Mason and Maskell found in their experiments on the 
cotton plant that the amount of inorganic nitrogenous com- 
pounds in the stem and leaves above that part of the stem 
from which a girdle of bark had been removed continued to 
increase after the girdling operation. This finding provided | 
substantial evidence in support of the widely and long held; 
view that, throughout the growing season, inorganic salt^ 
absorbed from the soil are carried to all parts of the planti 
in the transpiration stream. 

C. The Conduction of Solutes in the Phloem 

i 

8ieve-4ubes as the channels of transport. By the middle of 
I last century the extension of knowledge of plant anatomy had 

I considerably increased the scope of ringing experiments.^ Thus 

j Hartig had in 1887 described sieve-tubes and their contents, 

and it was known that the arrangement of vascular bundles and 
the distribution of tissue-elements varied from plant to plant. 
Hanstein (1860) found that root formation was inhibited by 
the removal of extra-cambial tissues from dicotyledonous 
j plants with a single ring of collateral bundles. Girdling the 

I stems of monocotyledonous plants, which, of course, possessed 

scattered bundles, or those of certain dicotyledonous plants that 

^ See Jost (74), and the article by Mangham (91) for fuller accounts of 
I ^ , the experiments made in the last century. 
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possessed an inner ring of bundles or a single ring of bicollateral 
bundles, had no such inhibitory effect. It was concluded from 
these experiments, in which growth was used as an index of 
translocation, that, in the absence of phloem, nutritive sap 
could not be conducted at a sufficient rate for root formation, 
but whenever phloem was present this necessary rate was 
attained, Hanstein assigned to the sieve-tubes the function of 
conducting the necessary food-stuffs from green leaves or 
other sources of supply. The same inference has been drawn 
from the results of nearly all the later work on the conduction 
of solutes. 

In his experiments Hartig (1858) used the appearance or 
disappearance of starch as an index of the migration of carbo- 
hydrates, and reported that starch accumulated above, but 
not below, a ring cut in the stem of a leafy shoot. He inferred 
that wood cannot carry products of assimilation downwards 
(c/. his conclusions concerning the upward conduction of foods, 
p. 130). He also found that when he left a narrow vertical 
strip of bark starch formed at its base, while a bridge of step 

form did not allow downward migration to occur sufficiently 

rapidly for starch formation. He concluded that conduction 
in the bark takes place only in a longitudinal direction. Sieve- 
tubes have long been regarded as well adapted for this 
purpose. 

The results of experiments on green leaves have, in general, 
substantiated Hartig’s and Hanstein’s conclusions. Sachs 
found that starch disappeared in the dark from leaves attached 
to shoots more rapidly than from single detached leaves, a-nd 
inferred that translocation of carbohydrates as well as respira- 
tory oxidation had occurred in the experiments with attached 
leaves. Later workers have operated on petioles of attached 
leaves to ascertain the effects of removing various tissues on the 
rate of depletion. Czapek, for example, selected for experi- 
ment plants with petioles which possessed different anatomical 
structures. When the vascular bundles ran separately through 
the petioles (e.g., Vitis), he found that by making incisions 
into the petioles so as to remove the vascular tissue he could 
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almost completely prevent the removal of starch from that part 
of the leaf above the incision. Starch disappeared rapidly from 
, the other side of the leaf. The operation was performed so as 

to maintain connection, by parenchymatous tissue, between 
the leaf-blade and stem on the cut side of the petiole. Czapek 
inferred that the migration of carbohydrates through paren- 
chyma was not sufficiently rapid to account for the removal of 
carbohydrates along the intact part of the petiole. His experi- 
I mental results also lent support to Hartig’s view that the 

f ^ deflection of migrating solutes through parenchyma to intact 

j elongated tissue-dements in the vascular bundles occurs to but a 

negligible extent. When, however, he made incisions in petioles, 
in which there was anastomosing of bundles {e,g., Lady-fern), or 
cross-connecting of sieve-tubes {e.g,^ Gourd), deflection of the 
migrating carbohydrate molecules must have occurred, for that 
! part of the blade above the incision lost starch at about the 

same rate as the other part, Czapek concluded that the 
I essential structural requirement for the conduction of carbo- 

I hydrates is a continuous system of sieve-tubes. It must be 

I remembered, how'ever, that he never ’succeeded in removing 

i the parenchymatous bundle-sheath. Schimper had earlier 

suggested that this sheath might function in the conduc- 
^ tion of carbohydrates (see Mangham’s exiperiment, below). 

Nevertheless, general support was given at the beginning 
I of the present century to Czapek’s hypothesis that starch 

in the mesophyll undergoes hydrolysis to sugar, which then 
I migrates by way of the bundle-sheaths into the phloem. 

I Although there had been no visual demonstration of this 

!i migration, it was known that more than half the dry-weight 

i of sieve-tubes may consist of sugars. Maugham applied micro- 

chemical tests in order to follow the actual movements of 
sugars in leaves. He demonstrated the presence of cane-sugar 
in the sieve-tubes, and, by detecting the emptying of this sugar 
from the parenchyma of the bundle-sheath into the sieve- 
tubes of the small veins of leaves, refuted Schimper’s hypothesis, 
I ■ • and provided strong support for Czapek’s view. 

I It has long been known that the slimy contents of sieve- 
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tubes are proteinaceous, and weight has been attached to this 
and certain other facts {e.g., the free passage that is provided 
for solutes in colloidal dispersion by the pores of sieve-plates) 
by those who have supposed that nitrogenous organic substances 
and carbohydrates migrate together. Indeed, until Dixon 
made his provocative suggestion (p. 130), the hypothesis that all 
food-stuffs move “ down the bast ” was not seriously challenged. 
Curtis had already begun his important researches, i and soon 
entered the lists in opposition to Dixon. His work and that of 
Mason and Maskell {93) very quickly left defenders of the 
view that food is conducted in the sieve-tubes, in renewed 
possession of the field. 

In the last century the development first of plant anatomy 
and then of micro-chemistry promoted researches on conduction. 
In the present century quantitative methods for estimating 
^®'^^^°^ydrates and nitrogenous substances have been com 
siderably improved, and are being increasingly used in attempts 
i to elucidate physiological problems. It must be realized, 

however, that these methods are as yet by no means perfect! 
Particularly may this be said about the methods of estimat- 
ing nitrogenous substances. Nevertheless, the quantitative 
experiments of Mason and Maskell have already defined many 
new problems for detailed enquiry, in addition to confirming 
the general conclusions arrived at by Czapek and others from 
the results of cruder experiments. Mason and Maskell followed 
the changes which occurred in the amounts of various diffusible 
carbohydrates and nitrogenous substances (which term they 
shorten to nitrogen) in leaves, wood, and bark {i.e., tissues 
external to the wood), when plants of a selected strain of 
Sea Island cotton were placed under diverse experimental 
conditions. They subjected their experimental results to 
statistical analysis, and, after making proper allowance for 
sampling and experimental errors, drew conclusions only when 
the numerical differences observed after changing the experi- 


(U) and Milled researches see Barton- Wright 

trate^hv^Wo^f Wright also gives a general account, illus- 

t ated by charts and diagrams, of the researches of Mason and Maskell. 



CONDUCTION IN THE PHLOEM 


mental conditions were greater than those which might have^ 
resulted from pure chance. The results indicated that “ the 


Fig, 16.— Diurnal variations in sugars expressed as grams of 
total sugars in 100 ccs of sap of the leaf, bark, and wood 
of the cotton plant. (From Mason and Maskell, 93.) Notice 
that the variations in the leaf and bark exceed the significant 
differences for these parts, while the variations in the wood 
/ are not significant. 

gross phenoinena of nitrogen transport show a striking simi- 
larity to phenomena of carbohydrate transport.” For the sake 
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of brevity, therefore, we shall here consider nitrogen and 

carbohydrate transport together. 

It was found that diurnal variations in total sugars and 
nitrogen in the green leaf led, after a lag period, to signihcant 
variations in their concentration in the bark ; the concentrations 
m the wood, however, remained constant (see figs. 16 and 17). 
Plainly these facts could be explained by supposing the bark 
(cortex plus phloem), and not the wood, to be the channel of 
translocation. Moreover, fluctuations in the concentrations of 



; I 

^ variations in the total nitrogen content of the 
Results express^ per 
100 gni. residual dry- weight. Standard deviation due to sam 

the right. (From Mason 

carbohydrates (particularly cane-sugar) in the sieve-tubes corre- 
sponded with those occurring in the bark, and much weight 
was attached to the fact that from zone to zone a high positive 
correlation was displayed between the number of sieve-tubes and 
tte concentration of cane-sugar. Suggestive results of a similar 
kind were obtained for residual nitrogen (see below), and the 
general conclusion arrived at was that carbohydrates and 
ntoogen migrate in the bark, and particularly in the sieve- 

_ Ringing experiments added weighty evidence in favour of 
the view that downward migration occurs in the bark and not 
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in the wood. Complete ringing of a stem below a foliage region 
caused carbohydrates and nitrogenous organic compounds to 
accumulate above the ring in the bark, wood, and leaves, and 
interrupted the flow below the ring. It was inferred that the 
wood alone could not conduct the descending nutritive sap.^ 
By showing that transport of organic solutes occurred at nearly 
the normal rate after a ring of paraffined paper had been inserted 
between bark and wood of an unringed stem. Mason and 
Maskell established the fact that contact between wood and 
bark is not essential for normal conduction. Having pre- 
viously demonstrated that wood does not conduct they con- 
cluded that continuity of the tissue-elements in the bark is the 
sole structural necessity for the downward flow of dissolved 
foods. They confirmed this conclusion by demonstrating the 
passage of solutes into levered-up flaps of bark. 

Mason and Maskell found that the effects induced by remov- 
ing developing flower-buds or bolls (the fruit of the cotton 
plant) were the same as those induced by isolating the root- 
system tlirough ringing the stem, viz., food-stuffs accumulated 
in the bark of the rest of the plant, and noteworthy increases 
occurred in the amounts of sugar and residual nitrogen in 
the sieve-tubes. It was therefore concluded that these tissue- 
elements also serve as the channels for the upward conduction 
of food-stuffs from the foliage leaves to the flower-buds and 
bolls. 

Direction und rate of movement of solutes. Mason and 
Maskell concluded from their results that longitudinal conduction 
of mobile carbohydrates from green leaves towards roots, or 
developing flower-buds and bolls, takes place in the sieve-tubes 
along a positive dynamic concentration gradient, i.e., from 
regions of ever-changing higher to regions of ever-changing 
lower concentration. Consequently they inferred that trans- | 
location is effected by a process analogous to diffusion (see | 
below). I 

1 Nevertheless, Mason and Maskell, on repeating Dixon’s experiment | 
(p. 131), found that dyes moved across the ringed portion of stem. Hence j 
it appears that, although food-stuffs travel in the phloem, certain solutes | 
might, on occasions, pass out of leaves vid the xylem. j 
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There can be no doubt that hexose sugars are mobile sub 
stances, but Mason and Maskell found that, in the cotton plant" 
carbohydrate migrates in sieve-tubes pre-eminently in the form 
of cane-sugar. They suggested that hexose sugars diffuse along 
a concentration gradient towards the sieve-tubes, where a 
considerable fraction is changed to cane-sugar. Possibly 
companion-cells assist in this synthesis. A considerable 
head of sugars (mainly cane-sugar) would thus be set up in 
the sieve-tubes. The simultaneous production of hexoses in 
the mesophyll (either as a result of photosynthesis or through 
the hydrolysis of higher carbohydrates) and the synthesis to 
cane-sugar in the sieve-tubes, would preserve concentration 
gradients for hexoses from mesophyll to sieve-tubes, and for 
cane-sugar away from the head in the sieve-tubes. Since leaf 
cells are impermeable to cane-sugar, carbohydrate cannot leak 
back as cane-sugar into the mesophyll. 

Mason and Maskell have not yet determined what fraction or 
fractions of the nitrogenous substances i in the bark represent 
mobile nitrogen. They tacitly admit that what cannot be 
efined cannot be estimated. Nevertheless, they have collected 
much valuable quantitative data, and have made certain note- 
worthy tentative suggestions. It appears that nitrogenous 
substances move longitudinally along negative gradients of 
total nitrogen, t.e., from regions where the concentration of total 
mtropn is relatively low to regions where the concentration is 
relatively high Clearly, therefore, nitrogen does not migrate 
by di^sion along gradients of total nitrogen. Mason and 
Maskell assert, however, that these negative gradients for total 
nitropn are compounded of a positive dynamic gradient of 
mobile nitrogen, and a steeper negative gradient of storage- 
produets containing nitrogen. The latter, they state, has no 
concern with the diffusive migration of nitrogen. It appears 
that, in the cotton plant, asparagine in crystalloidal solution 
IS e mam constituent of the storage-products that mask the 
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positive component for mobile material. The remainder of the 
nitrogen in crystalloidal solution has been termed residual- 
nitrogen . This is the fraction which is supposed to, contain 
the mobile material. Indeed, the whole of the residual- 
nitrogen may be mobile, and Mason and Maskell detected the 
existence of positive gradients for this fraction in the bark of 
the cotton plant. In fine, they state that the observed vertical ■ 
gradients of nitrogenous substances, as well as of carbohydrates,^ 
ill the inner bark of the cotton plant, lend support to the^ view 
that the downward movement, from the foliage regions, of 
each class of substance, is determined by the existence in the 
phloem of positive concentration gradients for the mobile forms 
within each class, and not for the class as a whole. Also they 
favour the working hypothesis that mobile substances from 
different classes move independently in the phloem by a process 
analogous to diffusion. 

Now the observed rates of migration of food-substances are 
much too rapid to be accounted for by simple physical diffusion 
even along very steep diffusion-gradients. Mason and Maskell 
estimated that the observed diffusion constant for cane-sugar 
is forty thousand times greater than the diffusion constant for 
2 per cent, cane-sugar in water at 25® Centigrade. The maxi- 
mum concentration of cane-sugar in the sieve-tubes would 
rarely be as great as this. Hence they insist that longitudinal 
migration is by a process analogous to diffusion, and not by 
simple physical diffusion. It is analogous to diffusion in that 
the rate as well as the direction of migration is controlled by 
concentration gradients. For example, it was observed that 
variations in the sugar gradients and the rates of transport of 
sugar from the bark to the bolls were significantly correlated. 

In one experiment the rate by day, when through photo- 
synthesis the head of sugar in the green leaves would be rela- 
tively high, was 4*5 times greater than by night. 

I The weakness of the diffusion hypothesis, as Mason and 

^ They also give evidence in support of the view that the movements in 
the phloem of substances containing phosphorus, potassium, and calcium, 
are similarly, governed. : 
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Maskell admit, is that no one has yet apprehended what 
mechanism in the plant actually accelerates diffusion {i.e., 
enhances the value of the diffusion constant for a given solute 
when dissolved in the sap of sieve-tubes) and so promotes 
j/ diffusion along concentration gradients. It should be noted 
that streaming of protoplasm cannot afford a general explana- 
tion, as it has but rarely been observed in sieve-tubes. 
But it has long been known that the sap in sieve-tubes 
exerts turgor-pressure on the walls, and may exude under 
pressure when a stem is cut. The recognition of this .fact led 
to the enunciation of the “ mass-flow hypothesis,” for which in 
recent years Miinsch has been the most noted advocate. The 
; central idea in this attractive hypothesis is that the dissolved 
! particles are passively carried (c/. the migration of particles in 
the xylem) in the sap, which moves as a whole in sieve-tubes 
from regions of higher to regions of lower turgor-pressure. We 
note that there is a fundamental difference between the out- 
look of those who attribute the underlying mechanism of con- 
duction to diffusion and that of those who attribute it to 
mass-flow. 

Finally, there is the question, is conduction a purely physical 
process or is it a vital process ? There is some evidence 
that protoplasm plays a part in conduction. For example, 

I Deleano (1911) discovered that the rate at which carbohydrates 
I left green leaves was considerably reduced by treating the 
petioles with chloroform. More recent experiments indicate 
that killing by heat has the same effect. It is noteworthy that, 
although the rate was reduced, migration actually occurred 
across the killed parts of the petioles. This fragmentary 
I evidence appears to indicate that in the conduction of solutes 
jinternal conditions associated with life promote a purely 
iphysical process. 

\ D. The Lateral Movement of Solutes 

First Hartig and then Czapek demonstrated that in incom- 
pletely ringed stems conduction proceeds at about the normal 
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rate down narrow bridges, provided these are vertical. .With 
step (p. 132) or oblique bridges conduction was extremely slow. 
Apparently, therefore, the rapid transfer of food can only occur 
ill a, longitudinal direction. Nevertheless, it is clear that some 
lateral' transier must occur. The process is, however, a slow 
one. Mason and I^Iaskell, after' calculating the rate of the 
leakage of sugars irom phloem to xyiem in the cotton plant, 
(‘oiieliichKl that this horizontal movement was akin to ordinary 
pliysi<*al diffusion.' Doubtless in woody perennials the 
UK^dullary rays, in addition to acting as tissues for temporary 
sl-orag(% fjieiiitate lateral transfer over short distances. The 
point to notice is that the internal organization of a plant 
pro'^i.des as well for lateral transfer as for the rapid upward 
and downward movements of water and dissolved solutes. ■ 


CHAPTER X 
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THE GASEOUS EXCHANGES BETWEEN PLANTS AND THE 
OUTSIDE AIR 

A. The Nature of the Gaseous Exchanges ^ 


Highee plants continually change the composition of the 
surrounding air by the processes of respiration and photo- 
synthesis. In respiration (chap, XI V), which goes on without 
interruption in every living cell of a green plant throughout its 
life cycle, oxygen is absorbed and carbon dioxide is liberated ; 
organic matter is destroyed and the energy liberated is used 
for vital purposes. In photosynthesis (chap. XIII), cells 
containing chloroplasts (these will hereafter be called green 
cells), and only such cells, in the light, but only in the light, 
absorb carbon dioxide, synthesize carbohydrates, and release 
oxygen as a by-product. This is the process by which air 
fouled by the respiration of animals and plants is once more 
made fit for aerobic organisms to live in. 

More than ninety per cent, of the dry matter of a green plant 
results from photosynthesis. Over a growing period the total 
amount of carbon absorbed as a result of this nutritive process 
is greatly in excess of the amount of carbon lost through 
respiration, in spite of the facts (a) that non-green living cells 
outnumber green cells, and (b) that photosynthesis occurs only 
between dawn and dusk. It is not surprising, therefore, that 
experiments have shown that photosynthesis usually completely 
masks respiration in illuminated green leaves of growing plants, 
i.e,, the respiratory carbon dioxide is at once used up again in 

photosynthesis instead of diffusing out of the leaf. 

In general it may be stated that in illuminated tissue con- 


^ Descriptions of tlie experimental methods used 
subject are given m chaps. XIII and XIV. 
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taiiiing both non-green and green, cells> only one t37pe of gaseous 
exchange can be detected. Whether this will be the photo- 
synthetic type or the respiratory type will depend upon 
several factors, (a) The proportion of green to non-green cells 
in the tissue. We do not detect respiration in illuminated green 
leaves because green cells outnumber non-green cells, nor 
photosynthesis in illuminated green fruits, such as green apples 
and gooseberries, because non-green cells outnumber green cells. 
(b) The relative aetivUies of the chloroplasts and the respiratory 
syste7ns. The chloroplasts of green storage cotyledons, which 
are packed with food, possess but feeble powers of photo- 
synthesis, while the respiration of the cotyledons is often 
notable, (c) The Ught-intensity. Twice a day there occurs for 
most green tissues a light-intensity, termed the compensation 
point, at wdiich photosynthesis and respiration just balance. 
(d) The temperature. In the leaves of winter evergreens on 
frosty days photosynthesis may be stopped by the low 
temperature, whereas respiration, although greatly impaired, 
continues, 

B. The Paths of Gaseous Exchange 

Carbon dioxide and oxygen enter and leave the aerial parts of 
land plants as gases, although they are used and produced in 
living cells as solute molecules in solution.^ Experiments have 
proved that dermal coverings of cork or cuticle are impervious 
to oxygen and are not appreciably penetrated by carbon 
dioxide in low concentrations such as exist in air, and that 
the ventilating system of green aerial shoots consists of 
{a) stomatal pores, {h) spaces between the complementary cells 
of lenticels, and (c) intercellular spaces in the interior.^ 

^ As regards (a) the submerged parts of aquatic plants, and (b) the 
young active respiring parts of the root-systems of land plants, gases 
probably pass in and out in solution, the passage being governed by the 
laws for the diffusion of solutes (chap. IV, section B). There are no 
visible diseontinuities in the dermal coverings of (a) and (U); but inter- 
cellular spaces permit gaseous diffusion to and from the higher levels 
where stomata or lenticels are present. 

^ Certain facts concerning dermal tissues ' may be summarized at this 
Stage, The chief function of cork and cuticle is to prevent excessive 
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cork-tissue to gases can be demon- 
J 'cepmg air at different pressures on opposite sides 
Ox thin shavings of cork, and it is easy to show that intercellular 
and outside air communicate by the lenticels, and that the 
intercellular air-spaces are continuous (see fig. 18 ). 

The maintenance of the water-level in the vertical tube of 

surface of a hypostomatal leaf (fig. 19) demonstrates that air 
cannot pass through cuticle. A more or less rapid fall in levS 
occurs, however when the glass chamber is affixed to the lower 
ifaee. Accordingly, one may infer that air can pass under 
potion through stomatal surfaces. The rate of fall of the 

olLe^fn i Stomatal apertures (p. 154). Thus as stomata 

and mL r of fall diminishes, 

of nnt r n" Evidently the rapid entrance 

of air noted above cannot be attributed to the presence of a 
permeable cuticle on the lower surface. Hence o^ may infer 
tha^assage is effected through the stomatal apertures. Since 
a volume of air greater than the total volume of the inter- 

follows that air can enter the leaf by the stomata outside the 
gjs chamber, and then move in the intercellular spaces of the 

cW SfhTf which were performed towards the 

conditions if " that, under natural 

onditions, gaseous exchanges occur nearly exclusively throut^h 

stom\^ apertures.! Stahl covered the lower surfaces of hypo- 

starch when illuminated in ordinary air. This treatment did not 

trom their impermea- 

gaseous exchange possible (p 93 ) • seiye the plant by making 

ever,rendemtra1isSoitiani2i»f presence in dermal tissues, how- 
(foe. at.). Stomatal movemS^hav^°a S' 
narrowing of stomatal aneriiiTPo fc isfJ® a. twofold significance: (i.) the 
of transpiration is thereby^re^^ed /p^Tom^n; 

at least in the early staseJ fnciu+otolt** ’ (a.) the opemng movement, 
r Earlier w'ork gaseous exchanges (p. 153). 

Escombe, arHScSMylXS!® of Blackman, L§- o^ Bmwn and 
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affect the ciiloroplast 
mechanisms since starch 
was subsequently pro- 
ciiiced in the iieighbour- 
iiood of pin-pricks made 
ill the upper surface. 
Stahl concluded that the 
cuticle of the upper sur- 
face \¥as im,pernieable to 
carbon dioxide, and that 
this gas under normal 
conditions diffuses into 
a leaf through the sto- 
mata.^ F. F. Blackman 
compared the rates of 
COQ-absorption through 
■ the upper and lower 
surfaces of illuminated 
leaves with the stomatal 
ratios the number 
of stomata on the upper 
surface : the number of 
stomata on the lower 
surface) for these leaves. 
Air of known composi- 
tion was simultaneously 
passed through small 

We are not concerned 
with tlie behaviour of cuticle 
towards gases containing high 
concentrations of carbon di- 
oxide, but we note that 
experiments with such con- 
centrations have showni that 
this gas can penetrate cuticle. 
Clearly, however, Stahl’s and' 
Blackman’s experiments indi- 
cate that the rate of penetra- 
tion is negligible when the 
concentration is , O-OS per 
cent., as it is in air. 



Fig. 18 (see text). As long as suction is 
applied at A bubbles of air escape from 
the intercellular spaces through the 
lenticeis. Since bubbling may proceed 
indefinitely, it is concluded that air {a) can 
enter the cut stem through the lenticeis 
situated above the stopper, and (b) can 
travel downwards in the intercellular 
spaces to the submerged portion of the 
stem. 
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glass-sided gas-chambers, which were hermetically sealed hv 

to the upper and lower surface, of W an? 
.ssumg ga, was analysed. Striking results werj oM.ined 
01 hpostomatal leaves covered with a very thin cut' I 

(e.g., leaves of Virginian creeper and of ^ d enticle 

being ahs^bed af a eonsidSw^: " fst™ 

surface, while mere traces passed through the cuticle of th 

Blackman" and to anj 
^ruTt^ ’ T T" """"" “ amphistomatal leaves 

ro„T^~e:-7thf 

the, concluded that the relrt™“a?s tf .hf ? ‘'T'’"’ 
followed stomatal ratios. Blackman also demonstrated TS 

throuffiftf amounts of respiratory carbon dioxide diffused 
thiough the upper. surfaces of darkened hvnostnm«tni i ^ 
even when the cuticle was very thin ZdthaTttZTt 

.^5=“S:=?== 

direction of th. s.rt^Z of’ cuL^fjtT ‘r*”' 

With water to form carbohydrates ^As In ^ u 

is thus consumed a Zdi^f !!; carbon dioxide 

will be maintained and diffusion wOlTe ^ 

the onyg^ pr„,„oed the lZr^tt“Sl“in 7 

L“h,o™rr‘'^’ ?«»: 

roShr“ ;?cf?“^' “ “ - » 
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out tliroiigli the stomatal apertures. Similarly, during respira- 
tion, ga,seous exchange between living cells and the outside 
air occurs through the stomata and lenficels along decreasing 
concentration gradients of oxygen towards respiring , surfaces 
ill protoplasm, and of carbon dioxide away from these 
surfaces. 

C. Intercellular Spaces, and the Composition of the Internal 

Atmosphere 

Microscopical examination shows the presence of intercellular 
spaces in all parenchymatous tissue. It appears that in land- 
plants these spaces usually occupy more than 20 per cent, and in 
water-plants more than 70 per cent, of the total volume of a 
leaf. The volume can be measured by determining the change 
of weight resulting from tlie injection of a leaf with dilute 
alcohol (which penetrates more readily than water) of known 
specific gravity. A detached leaf should be submerged in a little 
dilute alcohol in a flask from which air is wdthdrawm by means 
of a suction-pump until there is no further bubbling from the 
cut surface of the leaf-stalk. When air is readmitted into the 
flask the alcohol will pass through the stomata and inject the 
intercellular spaces of the leaf. 

Gaseous diffusion tends to equalize the concentration of the 
gases inside and outside the leaf. The processes of photosyn- 
thesis and respiration are, however, sufficiently vigorous to 
maintain marked differences. Thus it has been shown that 
during photosynthesis the internal atmosphere of green 
shoots is richer than air in oxygen, and considerable differ- 
ences in composition have been found for succulent fruits, 
conns, bulbs, and other bulky organs, in which large numbers 
of respiring cells are enclosed in dermal tissues that offer con- 
siderable resistance to the diffusion of gases. For instance in 
the carrot, the COg-concentration in the interior may rise to 
over 10 per cent., while the oxygen-concentration corre- 
spondingly falls to approximately the same figure. Certain 
experiments on stored apples indicated that these changes in 
concentration depend upon the intensity of respiration. In 
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the experiments, the rate of respiration was increased by raisins 
the temperature, and the CO, -concentration rose while thf 
oxygen-concentration fell. For example, in one experSienf 
when apples were stored at 5° C. the percentage i carbon 
dmx^e m the internal atmosphere was 1-5, and of ox^ 
19, Mobile with storage at 20° C. the percentage of carbon 
dioxide rose to 7-5, and that of oxygen fell to 111. “ 

The considerations of the last paragraph bear on several 
important problems. It has been shown that carbon dioxide 

TC-nr* ® certain plant processes. For example 

K.dd .„d Wet m tad that the gemination otaK 
mustard seeds can be inhibited by the presence of from 
2 to 4 per cent, of carbon dioxide in the outside air.i It has 
een suggested that under natural conditions dormancy may be 
occasioned by the presence of inhibiting concentotSns of 
" carbon dioxide in the intercellular air surrounding 

the embryo. When seed-coats offer resistance to the passage of 
gases 1 IS not improbable that carbon dioxide will accumulate 
and act as a narcotic. Possibly under certain 
tions vital processes may also be arrested as a result of a 

shortage of oxygen in the intercellular spaces, but there is no 
definite evidence on this point. 

^ Plant-tissues may be injured by exposing them to eas 
mixtures containing certain conjunctions of C^-corentraffon 

and oxygen-concentration. For instance, Kidd Ldmi found 

that apples may incur brown-heart when exposed to i 

<»1«Dtratio„ of c»boi dioxide greater than 18 to I t 

discovered the? higfefSLntota ereaAo”°tode^®by' 
aboat aldehyde-potaing, „hich is possibr.'L^ “fh 

wLft bv Kidd and 

Shown that respiration is retarded ^ ® investigators have 

stored in gas-imWes eonteintoflS per W 
oxygen, and 80 per cent, nitrogen. P®"" ®®°t- 

storage (see Annual Reports of the storage is termed gas- 

onwards). reports ot the Food Investigation Board from 1919 
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browii-heaxt. It is not yet known, however, whether such 
conjunctions of concentrations of carbon dioxide and oxygen 
as would cause a disturbance of metabolism ever exist in the 
intercellular spaces of plants under natural conditions. 

Sufficient evidence has now been cited for it to be realized 
that gas-mixtures containing carbon dioxide and oxygen have 
peculiar physiological properties. ■ These are still under 
investigation, and it appears that they may possibly control 
certain vital processes under natural conditions. It must be 
remembered that it is the composition of the internal atmosphere 
which has direct significance for living cells, and we have seen 
that this ma}^ fluctuate considerably, and in. certain organs 
may differ strikingly from the composition of the external 
atmosphere. 

D. The Rate of Diffusion of Gases through Stomata 

After definite experimental proof had been obtained that 
gaseous exchanges in young shoots occur almost exclusively 
through stomatal apertures, there arose the problem of account- 
ing in terms of diffusion for the maximum observed rate of 
COg-absorption in photosynthesis under natural conditions. 
Experiments had shown that a leaf of Catalpa hignonioides, 
when illuminated, absorbed 0*07 ccs of carbon dioxide per sq. 
cm. per hour from ordinary air, 10,000 parts of which contain 
only 3 parts of carbon dioxide. It was calculated that the 
stomata occupied only 1 per cent, of the total area of the leaf ; 
hence, assuming stomatal diffusion to be the only means of 
ingress, carbon dioxide was diffusing into the leaf at the rate of 
over 7 ccs per sq. cm. of stomatal aperture per hour. This was 
considered to be a surprisingly high rate, seeing that a strong 
solution of caustic soda, when freely exposed to still air, only 
absorbs carbon dioxide at the rate of 0*12 ccs per sq. cm. per 
hour, ie., nearly fifty times more slowly than an. equal area of 
green leaf. These considerations prompted Brown and 
Escombe to investigate by means of physical experiments the 
problem of the rates of diffusion of carbon dioxide through 
small apertures. Some experiments were performed with 
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septa -perforated by single apertures of different j 

others with multiperforate septa. In table III 
results which show the relations of the rates of 
diameters and areas of apert^s 

Table III 


mff„ion of ccto dte-* arenuro, of oariouo sioe. 

__ (aa ^(2 f7vm Brown and Escombe) 

Biameter 
of aperture 
in mm. 

COa 

diffusing 
per hour. 

COj 

diffusing 
per sq. cm. 
per hour. 

Belative 
areas of 
apertures. 

Relative 
diameters of 
iipertures. 

Relative wts. 

of COg 
diffusing in 
unit time. 

22*7 

1206 

6-03 

3-23 

2-00 

0-24 
0-10 1 
0-06 
0-04 
0-02 

0-06 

0-09 

0-22 

0-48 

0-76 

1-00 

0-28 

0-07 

0-02 

0-007 

' 1-00 
0-53 
0*26 
0-14 
0-09 

! 1-00 

0-42 

0-26 

0-16 

0-10 


the rate of diffusion per unit area decreased (column 3) Th ! 

Sto 

po«. Cher Spericlnkh s'ep'jT 

irtdeMd^C,r N 

.•-jSS3~S?=: 

made earhVr in fKio c. +• ^ type of comparison 

earlier in this section, can now be readily explained. This 
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comparison was between equal areas (actually 1 sq. cm.) of free 
surface of caustic soda and of stomatal apertures. But the 
1 sq, cm. of stomatal area comprised about 30,000 minute 
apertures, each of which, according to Brown and Escombe,^ 
would act independently, and the results for physical systems 
indicate that under these circumstances the rate of COg-absorp- 
tioii would be much more rapid than with a single pore of 
1 sq. cm. 

If we now compare column 5 with column 6 in table III we 
see that in these experiments the rate of diffusion was propor- 
tional to the diameters of the apertures. This means that the 
rate of diffusion is doubled by doubling the diameter, while the 
rate of diffusion per unit area decreases (column 3), since the 
area is more than doubled. 

Brown and Escombe summarized their experimental findings 
by means of the equation given below. ^ This equation permits 
the calculation of the volume (g ccs) of a gas possessing a 
diffusion constant 1% which passes per second through a septum 
perforated by pores of mean radius a cm. and mean length 
L cm., under a pressure difference of Pi—P 2 * 

HPi -P2).y.rra^ 

q — — ^ ^ 

L + ^ 

2 

In the physical experiments of Brown and Escombe, L was 
negligible in comparison with a. Clearly the equation then 
indicates that the rate of diffusion is proportional to the mean 

^ This view of Broww and Escombe has in recent years been questioned. 
Probably the proximity of stomata on leaves leads to reduced rates of 
diffusion, the rate of diffusion through any two stomata is less than 
would be the rate were the stomata twice as distant from one another. 
There are still many undecided questions of detail concerning diffusion 
through stomata, but it is improbable that the general principles that we 
have briefly considered here will be affected by future work. 

^ The general nature of the terms in this equation permits of its being 
used for computing the magnitude of diffusion of any gas, e.g., that of 
water-vapour in itomatai transpiration (p. 106). Brown and Escombe 
calculated that ir a still atmosphere with a relative humidity of 25 per 
cent., fully open sj omata on 1 sq. metre of a leaf of a sunflower would allow 
the passage of 1*7; gm. of water- vapour per hour (but see footnote, p. 152). 
The maximum ra|e of transpiration observed was less than 0*3 gm. per 
sq. metre per houfl, : 
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diameter of the pores. L must be taken into account, however 
n analyzing the results of experiments on leaves, since the 
length of a stomatal tube may be greater than its width. For 
photos^thesis by a sunflower leaf in ordinary air. Brown and 
Escombe collected the following data in order to calculate the 
vo ume of carbon dioxide that could diffuse in one hour thigh 

moving -- -as nit 

k = (diffusion constant of COd = 0 - 14 '? f « „r.;+„ 

Pt = (pressure of CO^ in outer air) =^^0008 atmosuherp= 

Pi was assumed to be nil.i ' atmospheres. 

y — (number of stomata per sq. cm.) = 33,000 
radius of stoinatal aperture) = 

L = (mean length of stomatal tM = 0W?4 ems 

tha^Thet '^^I^’^Iated 

W ’J m ^ ® ^ of a sunflower 

leaf could allow the passage by diffusion of 2-1 ccs of carbon 

tad. per h„„,. But the result, of 

»° XSoy" ,“o“r 7 

rr?“ tS: zsr^d 

car ou loxide absorbed under natural conditions, 
vidently it we accept Brown and Esoombe’s results > we 
may infer that when the stomata of a sunflower leaflm J„ 
open the mte of photosynthesis under natural eondSta 
ever restncted by the size of the stomatal apertures. Now 
^ o ows rom Blackman’s experimental results that the rate 

the leaf was used in*^otosynthesk°”BviSntl*"tv^^-^*®*^ entering 

to criticism. ^ ' ^^^dently this simplification is open 

capacity stomata to^llow^cSbond^^ considerably over-estimated the 
P- 151) to pass, and the^Snal ™inn 

workers (see Stiles, 144). The^Jihvsi^I^na ,^^ 1 .*’®®“.°^°'^*'®'^ ’^y 
too involved for us to consider tS^hS^f arguments are 

Brown and Escombe’s equation as a 

law, and of the parts playeTbv fa^Z t’*® diameter- 

through stomata. This Xedum wonW gaseous diffusion 

the fact that the general conehi<alnno « • Justified were it not for 

equation are stUl^widely accept^. Brown and Escombe’s 
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of photosyiithesis will approach zero during the final stages of 
stomatal closure. 

One is forced to conclude that for every leaf under defined 
external conditions there is a critical size of stonaatal aperture 
below which the rate of photosynthesis ^ is restricted by the 
capacity of the stomata to allow gaseous diffusion, Thoday 
virtually came to this conclusion when he attributed the dimin- . 
ishiiig rate of photosynthesis, which he observed in wilting 
sunflower leaves, to the reduction in the mean size of stomatal 
apertures. For a given leaf this size will depend upon the 
concentration of carbon dioxide in the air, the light- intensity, 
the temperature, and other factors which influence the rate of 
photosynthesis (see chap. XIII). Thus Maskell [92), during the 
course of his work on the photosynthesis of the cherry laurel 
leaf, found that the rate of photosynthesis may be governed by 
the size of stomatal apertures when the concentration of carbon 
dioxide is relatively low and the light-intensity relatively 
high. Alterations in stomatal apertures had, however, no 
perceptible effect when the light-intensity, instead of the COg- 
concentration, limited the rate of photosynthesis. 

We may note in conclusion that the arguments developed in 
the last paragraph are in accord with the view expressed earlier 
in this chapter, viz., that the opening phase of stomatal move- 
ment should be regarded as of functional value in facilitating 
gaseous exchange. Clearly, this is only true for photo- 
synthesis between complete closure and the critical size of 
aperture referred to above. 


E, Movements of Stomata 

Methods of following changes in the dimensions of stomatal 
apertures under varying external conditions* (i.) Whole leaves 
have been observed under the microscope and direct measure- 
ments made with a standardized micrometer eye-piece. Find- 
ing the average size of stomatal aperture on a given leaf surface 
is a tedious operation, seeing that individual stomatal apertures 

^ Or of transpiration (see p. 106 ). 
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vary considerably in width, (ii.) Strips of epidermis have been 
fixed m absolute alcohol and then mounted, before measuring 
as m (i.). ^(m.) For certam purposes, indirect measurement? 
have served A rapid but rough method is to find out which 
organic liquids will penetrate into leaves. Stomata mult f 
wide open before ethyl alcohol will penetrate • benor i 
trates when stomata are less wide-open 
stomata are only slightly open. Thus if we find that the n 

IS transferred from one set of conditions to another w 
infer that the stomata tend to open under the new conditions 

tubi n?^ in the vertical’ 

If stom iT- nsed as a measure 
stomatal size. It appears that the rate is proportional to 

the square-root of the average diameter of all th? ci I 

belonging to the surface under investigation 

Conditions affecting stomatal movement. It was lonv a. 
demonstrated that every normal stoma has tie powlTf 
opening and closmg, but Loftfield (<?9) has in recent vear. 

shown conclusively that the behaviour of tL 

plants is not uniform. In all plants the following external 
factors are operative : the water-eontent of lealslwSri 
governed by the saturation-deficit of the atmosohm-c ^ i 

occur a rhythmical autonomic moveLnt there may 

.bd.avio„rofa.Ut„^ut:;^i.:;Sv2 

U 1 the water-content of leavi • thus in ^ hy changes 

, tlius, in certain leaves, stomata 
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Fi&. 19. Darwin’s porometer for following changes in stomatal 
apertures. At the beginning of an experiment the air in the 
glass-chamber affixed to the leaf is under reduced pressure. 
The rate of fall of the level of water in the vertical tube 
between two fixed marks provides a measure of the rate 
with which air passes out under suction through the stomata 
of the' leaf. 
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may be found widely open at noon on sunny humid days, and 
closed at noon on sunny dry days. 

The mechanism of stomatal movement, (a) Movements and 
changes in shape and turgor of guard-cells. Direct observa- 
tions and measurements under the microscope show that 
stomatal movements are brought about by changes in the 
volume and shape of the guard-cells. It has long been recognized 
(see Haberlandt, 54) (a) that the expansion and contraction of 
guard-cells must be attributed to the passage of water in and 
out of these cells ; (b) that the shape of guard-cells changes 
owing to the unusual thickening of their walls, and (c) that 
peculiarities in the structure of neighbouring subsidiary cells 
sometimes influence the mode of stomatal movements. Thus 
for a given stomatal apparatus movements are determined 
by the turgor-pressures of the guard-cells and of the subsidiary 
cells. We are thus faced with the central questions concerning 
the mechanism of stomatal movement, viz., how are the 
water relations of guard-cells and neighbouring cells affected 
by light -intensity on the one hand and by the water-content 
of leaves on the other ? 

Our knowledge of the internal conditions that occasion 
stomatal movements in wilting leaves is still obscure. There 
is some evidence that the biochemical phenomena that precede 
stomatal closure when leaves are darkened (see below) may also 
participate in causing closure in wilting leaves. Phases of 
stomatal opening, however, may result directly from the 
differential shrinkage of leaves as the water-content diminishes. 

It has now been established that the movements of water 
that cause the differential changes of turgor-pressure in guard- 
cells and subsidiary cells during the slow and gradual processes 
of opening and closing under varying light-intensities, may be 
attributed to alterations in the osmotic pressure of the sap in 
the guard-cells, and possibly in some species to that of the sap 
in the subsidiary cells. Wiggans i found for a cyclameri leaf that 
the osmotic pressure of the sap of the guard-cells was more 

See Maximov (95) and Macgregor Skene (132) for further information 

concerning the work of Wiggans, Iljin, and Strogger and Weber. 
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than doubled when it attained a maximum between 7 a.m. and 
11 a.ni.5 while the osmotic pressure of the sap of the subsidiary 
cells remained fairly constant and w^as always less than that of 
the sap of the guard-cells. Iljin had for certain steppe plants 
previously obtained even more striking figures, viz. 90-100 
atmospheres for the guard-cells of widely open stomata, and 
10-20 atmospheres for those of closed stomata, while the 
osmotic pressure of the sap of the subsidiary cells remained 
constant. Strugger and Weber found that in Galium mollugo 
the osmotic pressure of the sap of the subsidiary cells becomes 
greater during closure than that of the guard-cells. 

Accordingly one may suppose that during a twenty-four- 
hour period the osmotic relations of guard-cells and subsidiary 
cells are continually changing. Water will move in the direc- 
tion of the guard-cells as the osmotic pressure (and conse- 
quently the suction pressure) increases during the day. When 
winter enters from the subsidiary cells, the volume and 
turgor-pressure of the sap of the guard-cells will increase, and 
because of the differential thickening of the cell-walls the 
shape of the guard-cells will change and the apertures will 
open. The sharp fall in the osmotic pressure at night will be 
follow^ed by passage of w’-ater away from the guard-cells. The 
turgor-pressure will thus diminish and apertures will close. 

(b) Stomatal apeHures, fluctuating osmotic pressures, and 
carbohydrate equilibria. In attempting to account for the 
alterations in the osmotic pressure brought about by the action 
of light, physiologists have attached great significance to the 
presence of plastids (usually chloroplasts and starch in the 
guard-cells of stomata that are capable of movement. Moreover, 
chloroplasts are absent from the other epidermal cells of the 
higher plants, and starch is not usually produced by these cells^ 

The rise in the osmotic pressure of the sap of illuminated 
guard-cells w^as formerly attributed to the production by photo- 
synthesis of osmotically active substances. Doubtless this 

^ Opinions differ concerning the composition of the plastids in the 
guard-cells of the white parts of variegated leaves. Some observers 
have maintained that chlorophyll is present in small amounts, and 
others that the plastids are free from chlorophyll. 
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happens under natural conditions when guard-cells contain 
chloroplasts. But stomata in the white parts of variegated 
leaves (see footnote, p. 157) may also open by day and close 
by night, and it has been found that stomata in general can 
open and close in the absence of external carbon dioxide. 
Evidently a simple photosynthesis hypothesis does not explain 
all the facts.i The clue which has led to the modern inter- 
pretation of events was discovered by Lloyd. He found that 
carbohydrate equilibria in both green and non-green guard- 



a, 12-hour period in 
{A) the relative widths of the stomatal apertures in the 
lower surface of a leaf of the Lombardy poplar, (B) the 

relative amounts of starch in the guard-cells of this leaf aria 

(C) the intensity of sunlight. (Frfm LoftfieW(5^ 

cells differ from those in ordinary green cells, in that the amount 
of starch m a guard-cell increases by night and decreases bv 
day. These important observations have been confirmed many 
times (see, e.g., the results of Loftfield’s experiments, which 
are shown in graphical form in fig. 20). It has been inferred 

the m”"® 9^®®“ guard-cells could, of course, compete ^th 



^ We may note tliat Sayre also reported that during stomatal closure in 
wilting leaves the pH in the guard-cells changes, and starch is synthesized, 
Scarth (128) obtained similar results. Evidently the sequence of changes 
that lead to stomatal closure in wilting leaves may possibly be the same as 
that which occurs in darkened turgid leaves (but see p, 156), 
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that light either directly or indirectly promotes the hydrolysis 
of starch to sugar in these cells. Consequently, the osmotic 
pressure of the sap of illuminated guard-cells will rise, inde- 
pendently of the presence of chlorophyll, provided that starch 
is present in these cells. The re-conversion of sugar to starch in 
the dark will be accompanied by a lowering of osmotic pressure. 

(c). Lights hydriofKOficentration^ and carbohydrate equilibria. 
We are left with the problem of accounting for the carbohydrate 
transformations that have been observed in guard-cells under 
varying light-iiiteiisities. Sayre, in 1926, showed that the aper- 
tures of the stomata of Bumex patientia can attain about half 
their maxiinum size when leaves of this plant are placed in the 
dark in air containing ammonia vapour, and that the stomata 
can be made to close, even in the light, in an acid atmosphere. 
He suggested that the position of carbohydrate equilibria in 
guard-cells is governed by the pH of the sap in these cells, and 
attributed the actual variations in pH that he observed to the 
effects of respiration and photosynthesis.^ He suggested that 
in the dark the accumulation of respiratory carbon dioxide 
causes a decrease in the pH of weakly buffered sap, and that 
in the light, owing to photosynthesis by green guard-cells, the 
respiratory carbon dioxide is used up, and, consequently, 
the pH increases. Clearly he had proposed a new form 
of photosynthesis hypothesis to account for stomatal move- 
ment. But this hypothesis did not explain why an external 
supply of carbon dioxide and the presence of chloroplasts in the 
guard-cells are not essential factors for the opening movement. 
Scarth (128) has put forward a more comprehensive theory 
on the basis of his own and of the earlier experiments of Sayre 
and others. In this theory he maintains that any response of 
the guard-cells to the direct action of light is small, and attri- 
butes stomatal opening in the light to the increase in the pH 
of the sap of the guard-cells that follows the general reduction 
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of the COa-concentration in the intercellular spaces of the leaf. 
Evidently such an alteration in the composition of the internal 
environment of guard-cells must always accompany photo- 
synthesis by mesophyll tissue. Scarth considered that in 
variegated leaves the effects of photosynthesis by the green 
parts would spread some distance into the white parts, f.e. it j 
was not essential that the guard-cells themselves should be 
green. Nevertheless, he found that stomata situated some 
distance away from the assimilating tissue were only slightly 
affected by changes in light-intensity. He confirmed the'’ fact 
that the absence of carbon dioxide does not prevent, and, 
indeed, may favour stomatal opening in the light; and he 
concluded that the essential condition for opening is not that I 
continuous photosynthesis should occur, but that respiratory * 
caibon dioxide must not accumulate, i.e,, the sap of the guard- 
cells must not develop acidity. According to this view, opening 
would occur independently of the presence of carbon dioxide ' 
in the outside air, provided the light-intensity were sufficient 
for photosynthesis to balance respiration. As soon as respira- 
tion becomes the more vigorous process, carbon dioxide accu- 
mulates, acidity rises, and stomatal closure is induced. 

Scarth has made numerous experimental investigations, i 

particularly on the behaviour of the stomata of Zebrina pendula \ 

{Tradescantia zebrina). He has shown that only those wave- 
lengths of light which are most strongly absorbed by chlorophyll j 

are appreciably active in causing stomatal opening. He j 
obtained evidence that stomatal movements are accompanied ^ 
by changes of pH in the guard-cells as well as by reversible j 
carbohydrate transformations. For example, he found by a ! 

range-indicator method (see p. 452) that in passing from darkness 

to light the pH may rise from about pH 5 to between pH 6 and 
pH 7 , or perhaps higher. The fact that changes of a similar 
order and in the same sense occurred in the intercellular spaces 
lent support to his view that it is the general reduction by ' 
photosynthesis of the COg-concentration in the leaf that 
occasions stoma,tal opemng, and its general increase by respira- 
tioD, tliat occasioiis closure* 
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Scartii also found that when he placed epidermal sections of 
a leaf in dilute ammonia {pH 7*3) the amount of starch in the 
guard-cells diminished even in the dark, and stomatal apertures 
widened ; while in dilute acetic acid there was no reduction in 
the amount of starch, and stomatal opening was inhibited. 

Sumnimrtf. The facts that have been recorded in this 
section concerning stomatal movements, in the light and in the 
dark may be summarized thus : — 


I)arke!i(3<! Guard-Cells.^ 

Illuminated Guard-cells. 

Bespiralory carbon dioxide aceu- 
nuitates " in the intercellular 
spaces. 

Respiratory carbon dioxide con- 
tained in the intercellular spaces 
used up by the mesophyll. 

pE of the guard-cells may fall to 
pH 5 or less. 

pH of the guard-cells may rise to 
p If 7 or higher. 

The acid reaction favours the 
for.m,ation of starch from soluble 
.sugars. 

The alkaline reaction favours the 
hydrolysis of starch. 

The osmotic pressure of the sap of 
the guard-cells decreases. 

The osmotic pressure of the sap of 
the guard-cells increases. 

Water leaves the guard-cells, and 
„ their turgor pressure and volume 
decrease. 

1 Water enters the guard-cells, and 
their turgor pressure and volume 
increase. 

The guard-cells change their shape, 
and stomatal ai^ertures narrows 

The guard-cells change their shape, 
and stomatal apertures widen. 


111 conclusion it must be pointed out that several workers 
have inferred from their experimental results that, in addition 
to carbohydrate transformations, changes in permeability may 
be concerned in stomatal movements. ‘‘ With increased per- 
meability, turgor diminishes and the guard cells approach each 
other ; conversely, ’when impermeability is again restored, 
turgor increases and the stoma opens ” (Maximov, 9S, p. 177). 

1 Or wilting leaves, after the first stomatal opening brought about by 
differential shrinkage (see footnote, p, 159). 
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PART III 

NUTRITION AND METABOLISM 


CHAPTER XI 

GENERAL SURVEY OF PROBLEMS OF METABOLISM 
A. The Nature and Sources of the Food of Green Plants 

OuR present knowledge of the nutrition of green plants ^ 
has been built on the firm foundations laid by the experi- 
mental study of gaseous exchanges by Priestley, In»en- 
lousz, and Senebier, in the late eighteenth century, and by 
de Saussure in the early nineteenth century, and of the culti- 
vation of plants in artificial soils and in watery solutions of 
selected inorganic salts, by Boussingault, Salm-Horstmar, and 

Sachs, and by numerous investigators since the middle of last 
' century. 

The overthrow of the humus theory of plant nutrition. By 
provmg that green plants do not develop in the absence of 
carbon dioxide, de Saussure confirmed an earlier theory that 
the purification of air by illuminated green plants is a nutritive 
process. Moreover, he performed quantitative experiments 
which showed that the volume of oxygen given out by 
illuminated green leaves is approximately equal to the volume 
of carbon dioxide absorbed. Accordingly, he inferred that 
during this gaseous exchange the carbon-content and the dry- 
weight of illuminated green plants increase.^ He verified this 
inference by experiment, and further showed that green plants 
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can be grown in soils in which there is but little combustible | 

matter* ' Now it was realized th^t the dry matter of plants ■ ; | 

is largely composed of complex combustible organic matter, ^ . 

and that the incombustible mineral matter called plant-ash ■ ^ ■ 

made up the . remainder. De Saussure concluded that most ■ . 

of the . combustible matter in plants is derived from carbon 
dioxide absorbed from the air and water absorbed from the ' | 

soil, and that synthesis occurs in iliummated green organs.^ | 

This coiicliision is at the present day universally accepted. 

At the time it was put forward, however, it found little 
favour with, chemists, and ‘‘botanists were too busy naming - 

species to be interested.” Chemists concluded that the con- ■■ 1 1 

centration of carbon dioxide in the air was inadequate to . . ' 

meet the needs of plants. Moreover, the humus theory of , - | 

plant nutrition, in which it was stated that the food of plants 
is entirely derived from the brown humus in soils, had the 
weight of centuries of unquestioning acceptance behind it, and 
was not easily overthrown. 

It is probable that de Saussure’s work failed to arouse 
wide interest because it w&s believed that the synthesis of 
organic substances required the operation of a vital force, an 
organic agency beyond the power of man to control. But the 
synthesis from compounds held to be inorganic of urea in 1828, 
and later of other organic substances, established the funda- 
iiiental fact that compounds containing carbon, hydrogen, 
oxygen, and nitrogen, can be produced by the same chemical 
forces as those which act in the inorganic world. The term 
vital force quickly fell into disuse, and the chemical processes 
associated with the gro'Vidh of organisms were examined with 
a new interest. 

In 1836, Berzelius called attention to the 'results of experi- 
ments in which certain inorganic substances, and certain 
substances prepared from organisms, had, without themselves 
being altered, induced changes in other substances. Thus the 
existence of a force which plays an important part in natural 

1 J.e., the assimilation of carbon is brought about by the photosynthesis 
of combustible .matter. , 
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events was recognized For example, it was demonstrated 
that by this force starch, which is normally stable in water at 
ordinary temperatures, is quickly changed to sugars either bv 
mineral acids or by a powder called diastase, which had, in 1833 
been separated from germinating barley, and that by this force 
hydrogen peroxide may be decomposed by certain metals e.s 
platinum. Berzelius gave the name catalyst to “ bodies which 
by their mere presence and not by their affinity arouse affinities 
ordinarily quiescent at the temperature of the experiment” 
He saw good reasons for attributing the origin of the great 
number of dissimilar chemical compounds found in plants and 
animals to the catalytic powers of organic tissues. 

It therefore appears that certain chemists had by this time 
realized that it might be possible to describe the chemical events 
which occur in growing organisms in physico-chemical terms. 

e oie IS could be attempted it was necessary to deter- 
mine what substances in the environment provided the raw 
materials for chemical manufacture in green plants. The earlier 
work on the gaseous exchanges of green plants supplied valuable 
information. But very little knowledge was possessed con- 
cerning t e importance of the ash constituents of plants 
Accordingly, experiments had to be performed to determine 
grovV^ elements occurring in plants are essential for 

^ In 1840 Liebig published his book “The Applications of 
Oiganic Chemistry to Agriculture and Physiology.” In this he 
made use of de Saussure’s data, and put forward a mineral 
theory of plant nutrition which stimulated important researches 
m plant nutrition, and led to the overthrow of the humus theory. 

mce experimental data concerning the mineral requirements 
a green plants were inadequate, it is not surprising that his 
theory had later to be modified in detail. For instance, Liebig 
la^ suggested that green plants absorb ammonia as well as 
nK+ the air. 1 But the experimental results 

amed by Boussingault in Alsace and by Lawes and Gilbert at 

ammonia presenyip th^airv overestimated the amounts of 
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Rothamsted definitely proved that most green plants derive 
their nitrogen entirely from the soil. 

Smid-^iutt'ures and tuaier-cwllMres. Boussingault, who had 
comnienced his experiments on plant nutrition before 1840, grew 
plants in artificial insoluble soils (such as sand, quartz, and 
sugar charcoal) which had been previously boiled with acid and 
then washed with distilled water. He watered these soils with 
saline solutions of known composition. To him the chief credit 
lias been given for showing how Liebig’s mineral theory of plant 
iiiitritioii might be verified by experiment. Salm-Horstmar 
and others fiirtlier improved the methods of carrying out the 
experiments in artificial soils. Sachs developed the method 
of water-culture which had previously been used in the 
seventeenth century by Woodward, and ■ found that certain 
land plants (e,g., maize) grew, and even set seed, when reared 
in water-cultures containing dissolved ash but no organic 
matter. 

It cannot be too strongly emphasized that before the humus 
theory of plant nutrition could be definitely set aside, plants 
had to be made to pass through their fife-cycles without receiving 
any organic matter from the environment. The successful 
outcome of sand-culture and water-culture experiments 
provided the necessary evidence, and by I860 it was rigidly' 
established that the carbon dioxide of the air can act as the sole 
source of carbon for green plants, and that the root-system need 
only be supplied with water and inorganic salts. 

The methods of sand-culture and, later, of water-culture 
were also employed with a view to determining which of the 
elements present in the nutrient solutions supplied to roots were 
essential for growth. Solutions of different composition were 
prepared, and the effects on plant growth were determined by 
experiment. In general, it was found that healthy growth 
occurred if the salts dissolved in the nutrient solution con- 
tained the following elements : nitrogen, sulphur, phosphorus 
chlorine, potassium, magnesium, calcium, iron. In the absence 
of any of these elements growth was stunted, and the plants died 
before flowering. These elements have therefore been classed 
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together with carbon, hydrogen, and oxygen, as dement 
essential to the healthy development of plants 
Since these fundamental facts were first discovered, numerous 
researches have been performed to determine what types of 
^It may serve m the provision of the essential dement/ 
Sachs solution and Knop’s solution (see table IV) are St' 
frequent use for experimental purposes. 

Table IV. Composition of solutions for the water- cuUure 
of green plants. 


Sachs* solution. 

Potassium nitrate . 
Calcium phosphate 
Magnesium sulphate 
Calcium sulphate . 
Sodium chloride 
Ferrous sulphate . 


Knop’s solution. 
Calcium nitrate 
Potassium nitrate .* 
Potassium dihydroiren 
phosphate . , 

Magnesium sulphate 
Ferric phosphate . 


jjiiu&piiiixe , . trace 

Grams of inorganic salts dissolved in 1,000 c.c water 

from the unequal absorption of tons. "light result 

In the United States, where extensive researches have been 

wirhllutions'^^'f been obtained 

with solutions containing three salts le s CalNO 1 Tf w t>a 

X" Si’r,: ‘T 

' A- 'A ^ relative concentrations of the 

p ants, much attention being paid to the osmotic pressure the 

hydrion-concentration. and the balance, between antarnistic 
ions m the various solutions used (see Miller, 97, chap^ V). 

nf th *bat impure inorganic salts were used to many 

o the earlier water-culture experiments. Numerous researches 

me/t thT ^ recent experi- 

elements have'^th containing the so-called essential 

elements have therefore been purified with great care and as a 

esultnewand important knowledge has been won concerning 
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the mineral requirements of plants. For instance, Brenchley 
and Warington report that “ broad beans, grown in nutritive 
solutions composed of salts spectroscopically free from boron, 
fail to complete their development, . . . whereas with the 
addition of traces of boric acid normal growth is made. Other 
researches have indicated that small amounts of zinc and 
manganese may be essential for the growth of certain plants 
(see Miller, loc. dt, Russell, 123). There is definite evidence 
that manganese often stimulates growth. Other elementary 
constituents of plant-ash, such as sodium, aluminium, and 
silicon, which are often present in considerable amounts in 
plants, may neither be essential nor exercise a stimulatory 
function. Occasionally, however, a biological advantap may 
accrue from the presence of some of these non-essential con- 
stituents (see, e.g., p. 178). 


B. The Chemical Composition of Plants 

We shall here regard the whole green plant or any of its parts 
as a mixture of chemical compounds, which may, like any 
other mixture, be subjected to qualitative and quantitative 
chemical analysis. As a rule the first step taken in an analysis 
is the determination of the percentage of water present from the 
difference between the fresh- weight and the dry-weight. This 
has been found to fluctuate from 50 to 90 per cent, in leaves and 
from 38 to 65 per cent, in freshly felled timber, while in air-dry 
seeds it may fall as low as 10 per cent. The residual dry matter, 
with which we are specially concerned here, may then be 
analyzed to determine its elementary and molecular composi- 
tion. An immense amount of data has already been gathered, 
particularly for crop-plants, and there is abundant scope for 
further work, for it appears that the elementary and molecular 
composition of whole plants and of equivalent organs and 
tissues varies in different species growing in the same environ- 
ment, in the same species growing in different environments, 
and in the same species at different stages of development. 

The detnenUiTy composition of plants. The following are 
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among the elements that have been detected in plants ; carbon, 
hydrogen, oxygen, nitrogen, sulphur, phosphorus,, chlorine, 
potassium, calcium, magnesium, iron, manganese, boron, zinc, 
sodium, aluminium, bromine, iodine, fluorine, lithium, rubidium, 
caesium, copper, silver, strontium, barium, mercury, thallium, 
silicon,, titanium, tin, lead, vanadium, arsenic, selenium, 
chromium, cobalt, and nickel. The first eleven elements in the 
list comprise the group of essential elements, and, consequently, 
are invariably , present, even in plants raised in water-culture. 
Then come manganese, boron, and zinc, which may be essential 
for certain species. Of the remainder it may be stated that their 
presence in plants depends first on their being present in the 
soil-solution in a suitable form for absorption, and secondly 
on the specific absorptive properties of the root-systems 
tapping this solution. It may well be that other elements 
{e,g., germanium) not included in the list occur sporadically 
in plants. 

■The relative quantities of the different elements in plants 
vary considerably. The bulk of the dry matter of plants 
is composed of organic compounds. The amount of carbon 
fluctuates around 45 per cent., that of oxygen around 45 pei> 
cent., and of hydrogen around 5 per cent. The percentage of 
nitrogen is extremely variable. It depends upon the organ 
analyzed, and changes during development. The amount of 
nitrogen; in the dry matter of some tissues is less than 1 per 
cent., but in that of others it may be as high as 10 per cent. 
The remaining elements may be collectively considered as 
constituents of the plant-ash ■ inasmuch as they are not lost 
by, heating the dry matter until all the carbon has burned 
away., . Plant-ash usually represents about 5 per cent. ,of the 
total dry matter of .plants, but in certain tissues {e,g., wood) 
the amount may be less than 1 per cent. 

The relative amounts of the different elements found in plant- 
ash vary in different species growing in the same environment 
(filler, .97). ■ For instance., certain plants (e.g., cereals, many 
grasses,:, and horsetails) readily absorb silicates, and 50 per 
cent, of their ash may be^composed of silica. ' ' The ash of most 
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plants, however, contains less than 1 per cent., silica. For 
other elements, considerably smaller but significant varietal 
differences of relative absorption 'have been observed. Inter- 
pretation of the data is difficult, since the relative amounts 
of the different elements in plant-ash alter seasonally. For 
exaniple, in an experiment on beech leaves it was found that 
the anioiint of ash increased during the period May to October 
from 4 to 7 per cent., while the relative amounts of potassium 
and phosphorus in the ash decreased sixfold. Simultaneously, 
^ thcire occurred a fourfold increase in the relative amount 

of calcium, and a twenty fold increase in that of silicon. 

The tnoiecnMr emnpositwn of plants. Since we discuss in 
some detail in Appendix I the chemistry of the principal 
organic compounds found in plants, it will suffice at this stage 
■ to .record the names and elementary composition of some of 

these compounds. The extreme chemical heterogeneity of 
plants, and the complex nature of many of the components, 
should be noted. 

CLASSIFICATION OF CHEMICAL COMPOUNDS WHICH HAVE 
BEEN FOUND IN GREEN PLANTS 

INORGANIC COMPOUNDS, (i.) Water, (ii.) Inorganic salts : 
nitrates, phosphates, sulphates, chlorides, etc., of potassium, 
calcium, magnesium, iron, etc. 

ORGANIC COMPOUNDS, (i.) Compounds containing C and H : 
carotin, (ii.) Compounds containing C, H, and 0 : carbo- 
hydrates (pentose and hexose sugars, disaccharides, pentosan 
I and hexosan polysaccharides) ; fats and fatty acids ; waxes ; 

sterols ; xanthophyll ; terpenes ; flavones, anthocyanins, 
tannins, and other aromatic glycosides ; lignin ; pectic sub- 
stances which may also contain calcium ; the vegetable acids 
(sometimes free but often as metallic salts) ; and a wide range 
of other aliphatic and aromatic alcohols, acids, esters, ketones, 
and aldehydes, and of homocyclic and heterocyclic phenols, 
(iii.) Compounds containing C, JJ, O, and N : proteins (usually 
also contain sulphur and sometimes contain phosphorus), and 
their derivatives (peptones, polypeptides, and amino-acids); 
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lecithins ^ (which also contain phosphorus) ; porphyrins of 
which chlorophylls a and b also contain magnesium, and 
chromogens (e.g., cytochrome) also contain iron - 1,® . 
rmcleic acid (which also contains phosphorus) ; some’ glycosides 
i .g., indican, and amygdalin and other cyanoffenetic oIti 

Liii amines and 

Some of the classes of compounds (e.g., those found in proto 

Lth ’ recognized food-substances) named 

n the above hst oceur universally in plants. Other substances 
(e.g glycosides, waxes, terpenes, alkaloids, purines) are nnt 
widely distributed. Sometimes the dfcLs am beleri 
different species m the same genus, e.g., Eucalyptus australiana 

portions of the two terpenes, cmeole and phellandrene fBaker 
^ Sm.th, ?). PurthemoK, for c.r substa 
nthocyamns) varietal differences occur within a single speciS.’ 
s ou d be noted that the qualitative composition of a ffiveii 
species may be affected by environmental stimuli ^For 
example, chlorophyll is only produced in the presence of lilt 
and when the environment can provide iron salts 
nown that the presence or absence of anthocyanins in certain 
flowers (see p. 303) is determined by the tempLture And ff 

vour of the fruit of popular varieties of apple (eg Cox’s 

coSsTs” ofT^ plants 

consists of organic compounds. It is clear from the results 

assuZlbTthS't,™^’"’ on the 

carbohydrates f ^^(npounds are exclusively present as 

variation btL of’ that much 
fully srown nro ^ ^ composition of certain comparable 

y-grown organs occurs from plant to plant. 

changf ^ Forf Percentage composition continually 

of Zd andLrr^ ’ concentration of the components 
01 wood and fibre increases durmg the growth of trees. 
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Table V« Percentage compontion of the dry matter of 
certain vegetable foods. 



Carbo- 

hydrate. 

rat. 

Protein. 

Wood 
and fibre. 

Wheat grain . 

79 

2 

14 

2-8 

Broad bean seed 

58-5 

1«8 

28 

8*2 

Coconut (excluding the 





shell) 

17*2 

71 

10 

0-8 


C. The Distributioa of, Chemical Compounds within Plants 

Knowledge of the location of various substances may be 
gained by direct observation (e.g., for pigments), macro-chemical 
aiiatysis of tissues or of collected sap, and micro-chemical 
methods (f.e., chemical methods used in conjunction with a 
microscope). Substances may be conveniently classified as 
occurring in protoplasm, vacuoles or the cell-cavities of dead 
cells, or ceil-w^alls. 

Substmiees in protoplasm. In addition to substances which 
appear to form part of the living machinery (p. 10), plastic 
and other substances which, though often essential for proto- 
plasmic activity, are not part of the living machinery, are 
frequently located in protoplasm. The most easily recognizable 
of these substances are the solid starch-grains found in chloro- 
plasts or leucoplasts. Protein grains and crystals, and liquid 
drops of fatty oils, have also been observed in protoplasm. 
Further, the water in which the protoplasmic micellae are 
dispersed always contains in solution various nutrient inorganic 
salts and organic substances. It appears that inorganic 
solutes are not always uniformly distributed in living cells 
(p.l4). 

WmcuoMfr substances. Mineral salts and sugars (d-glucose, 
d-friictose, and sucrose) are invariably present in vacuolar sap, 
and organic acids (such as malic, tartaric, oxalic, succinic, citric, , 
etc.) frequently occur either free or as salts.^ Among the. 

i:Oxalic^ acid is often precipitated in vacuoles as calcium oxalate. 
TMs salt has, been observed io several distinct crystalline forms. 
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other substances whieh have been detected are the pectin, 
inulin, many glycosides (including flavonie glycosidL and 
anthoeyanms , polyphenols, tannins, amides (4.faspara,inef 
proteins amino-aeids, and alkaloids. Some of tCL S’ 

s ances (e.g., the tannins) are widely distributed in the higher 
1 lants, and some (e.g., inulin) occur in but few species ^ In 

ralre:r distribute! as^hi; 

Some of the products mentioned in the last paragraph and 

S “ spedatad cells’ (see 

Manerlandt, od). Thus, essential oils, resins, gums and 

e!teraT’anrs“ These glands are sometimes 

exteinal and sometimes internal. External glands secrete 

ubstanees to the exterior of plants; internar glands e the 
secrete substances to the cavities between eellf or irduce 
hem secretions and then degenerate. Other specialized cells 
that are occasionally found are the sacs which act as the ’ 
lepositories for resins, tannins, and crystals. 

state! nitrogenous sub- 

been f’ !■ potassium salts), have 

been found in the cell-sap of sieve-tubes, and organic food 

substances as well as inorganic salts may be present In the sap 
which travels in xylem vessels and tracheides ^ 

basis of all cell- 

iod ne whit by means of chlor-zinc 

odine which stains cellulose blue, and by its solubility in zinc 

^ hydrochloric acid and in other solvents.^ Pectic 

matoritrvtntfcin^e ^ 

+1 j X ^ affected by the reagents used in 

th!tt "" ^hulose. They can be recognized by the facts 

*bat the 

to be laid down Iff P^^* cell-wall 

Much of ttT ? ! ’ composed of calcium pectate. 

(solublfnet- ^'^bstance in cell-walls is ordinary pectin 
(soluble pectin or peetinogen). But some pectic substance is 

" See Onslow (iOg, chap. II). 
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present as insoluble pectin {pectose or protopectin), which may 
enter into combination with metallic salts of calcium, magne- 
sium, or iron, or become associated with cellulose as pecto- 

cellulose. 

Pectic substances tend to form gels with water, as may be 
shown by adding an aqueous extract of young clover leaves 
or carrots, or any other tissue containing pectase, to a 
pectin sol. The gel formed is more easily seen if a calcium salt 
is present in the solution. It is possibly owing to the physical 
properties of this gel that parenchymatous cells cohere to form 
tissues. There is some evidence that the flesh-tissue of certain 
fruits becomes mealy as they grow old because this gel is 
converted by the enzyme protopectinase into soluble pectin. 
This substance is often abundantly present in the cell-sap of 
ripe fruits {e,g., red currant). 

During the differentiation of permanent tissues from the 
cells which are formed by the activity of meristematic tissues, 
the composition of the cell-walls alters, either as a result of 
chemical change brought about by secreted enzymes, or as a 
result of the secretion of substances that become incorporated 
within the existing cellulose micellae in the walls, or are 
deposited in layers on the original cellulose framework. 

I When dermatogen differentiates into epidermis, a medley 

of substances classed under the name cutin is produced. On 
the exterior, cutin forms a layer, continuous save for the 
* stomatal pores, and called cuticle. Underneath the cuticle, cutin 

and cellulose are intimately associated in varying proportion 
\ as cuto-cellulose. The cutin component of epidermal walls is 

insoluble in the solvents used for cellulose. It dissolves in part 
I in alkalies. It is stained brown with chlor-zinc iodine, and takes 

up Sudan III and other lipoid stains. The mixture of substances 
called siiberin is produced during the differentiation of cork 
tissue from phellogen. The general properties of suberin are 
I similar to those of cutin. Priestley and his co-workers have 

shown that the Casparian band (fig. 7) in young roots and in 
t certain stems (e.g., Potamogeton) contains substances akin to 

cutin and , suberin, ^ 
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Tissue-elements with lignified walls are found in primary arui 
secondary xylem, phloem {e.g., the secondary phloem of the 
hme stem) the cortex {e.g., the sclerenchymatous masses ai 
rings which occur m many monocotyledonous stems), and 
the pencycle {e.g., in the stems of sunflower and the yeg;table 
marrow . In different elements lignification of walls occurs to 
ifferent degrees. Thus it is relatively slight in the annular 
and spiral vessels of protoxylem, and profound in sclerenehyma 
Lignin IS the essential component of lignified tissue and reacts 
m lignified cell-walls to give a yellow colour with aniline 
chloride, or a red colour with phloroglucinol and hydrochloric 
acid Lipin occurs in association with cellulose as lio-no- 
ee ulose in lignified tissue, the amount present depending on 
the extent of lignification. Furthermore, fats, resins, gums 

in 

Besides occurring in woody elements hemicelluloses have 
been found in pericaips and testas, and in the walls of the storage 
tissues of seeds, shoots, and roots. Hemicelluloses do not 
dissolve in acid zinc chloride. They are soluble in dilute 
proptr’ should he noted, have no effect on cellulose 

Other cell-wall components of occasional occurrence are 
w^es. gums, mucilages, and resins. Insoluble inorganic 

Sr? T calcium oxflate. 

Giains of silica are sometimes found in epidermal cell-walls, 

Th;c !. °V of horsetails. 

Ihis may be shown by burning a transverse section on a glass 

s ide in the presence of strong sulphuric acid ; the cell-walls 
11 be represented in the residue as skeletons of silica. Cluster 

from occasionaUy to be seen hanging 

cell-walls. Similar clusters are sometimes contained in 
specialized crystal-sacs. meu in 

The subject-matter of Appendix I permits the classification 
of cell-wall substances by chemical criteria, as follows: 

{ ) Substances with polysaccharide affinities : cellulose, pectie 
substances, hemicelluloses, mucilages, gams, {b) Suhstmices 


i ' ' i 


CHEMICAL COMPOSITION OF PLANTS 175 


\ 

k 




f'"' 

i; 


with fatty-oil affinities : cutin and suberin. (c) Higher alcohols : 
waxes, (d) Aromatic co?npounds : lignin, resins, (e) Mineral 

substances : silica. 

D, The Fttttctional Importance of the Substances found in Plants 


Protoplasm and skeletal substances. We note at the outset 
that tile constituents of the protoplasm in a living cell (p. 10) 
form part of a metabolizing system which can produce 
plastic substances,^ and manufacture substances of physiological 
and ecological importance. In the course of metabolism 
waste-products may also arise. It is probable, however, that 
most of the substances that occur in a plant perform some useful 
service at some time in the life-cycle. Protoplasm, raw 
materials for metabolism, and metabolic products, are all 
accommodated wdthin the skeletal framework of cell- walls. 
These structures are composed of simple and compound 
celluloses. Special functions are served by certain cell-wall 
substances. For example, the pectin in cell- walls causes cells to 
cohere (see p. 173). Again, the great mechanical strength of 
sclerenchymatous tissue may be ascribed to the presence of 
lignin in the cell-walls. It is important to notice that water, 
by creating turgor in cells, contributes to the mechanical 
resistance which shoot-systems and root-systems offer to 
stresses and strains. Evidently suberin, cutin, and other dermal 
coverings (e.g., resins, waxes, and gums), by restricting water- 
loss, help to maintain turgor, and belong to the class of skeletal 
substances. 

Substances of physiological importance. We shall include in 
this class such substances as play a part in the events 
concerned with the internal economy of plants. For instance, 
we may regard water as of physical importance in that it acts 
as a solvent, and is the medium in which diffusion and meta- 
bolism occur. Moreover, water, mineral salts, and carbon 
dioxide, constitute the raw materials from which food- 

1 This term denotes metabolic products which take a further share in 
metabolism during growth processes subsequent to their formation (see 

Sachs, 125), . 
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substances (carbohydrates and proteins and fats nr • 
derivatives) are produced. Raw Iterials and fo^Lb^ 
coinpose the constructive substances of plants. Since thev 
reaj y undergo metabolism, they may also be descriL^Is 
plastic substances. This term, however, also denies 
glycosides aromatic compounds, vegetable acids, and many 
ther substances that participate in chemical change. ^ 

thf immediately available for use in 

the cells in which they are detected ; for example, the sulr 
which are always present in meristematic regions participate 
m respiratory oxidations and in the synthesis ofthe constiS 
of protoplasm and cell-walls (pp. 179 and 299) ; but cane-sugar 
amino-acids, asparagine, and other migratory substances, fo^d 

Cwm 

Reserve foods demand more detailed consideration here 
Before a substance is classed as a reserve food it must be 
s own that a preliminary period of accumulation is followed 

rektiveTv°v“i substance is maintained in situ at a 
relatively high concentration ; and that later, in association 
with physiolopeal processes taking place in the immediate 
icinity or dsewhere, the concentration of the substance 

diminishes. These conditions are satisfied for all the substances 

as7n tt T*'T^"^^' ®*‘^"^g"‘>ffoo<Jmaybe(a) transitory, 
and if c green leaves in the light, 

face oWM fT" r -bo-t to take 

ickenings of cell-walls, may occur in the endosperm i or in the 
cotyledons of seeds, and in the storage parenchynia of shoot- and 

woliruT °'^-"r--’-brubby, and wooJy perennials. fn 
vollen underground storage-organs, reserve carbohydrates are 
fluently dissolved in cell-sap. Inulin occurs in colMal 

the hh “ belonging to the Composite, e.g., in 

the tubers of the Jerusalem artichoke. Sucrose, glucose^and 

fructose, in crystalloidal solution, in onto, bdbs, .„d to th^ 

^ In cereals the polysaccharide, lichenin, may also be present. 
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turnip, beet, carrot, etc. The mobilization by enzymic 
hydrolysis of insoluble foods and of such foods as exist in 
colloidal solutions in ceils, is discussed elsewhere (p. 205). 

We can here do no more than give passing mention to the 
big question of the parts played by inorganic salts in plant 
life.^ As plastic substances they provide certain of the 
elements found in metabolic products. Thus nitrogen is 
widely distributed and occurs with sulphur in proteins, and 
with phosphorus in phosphoproteins, nucleic acid, and lipoids. 
Magnesium is a constituent of chlorophyll, and iron of the 
lijemochromogens. Calcium enters into the composition of 
the middle lamella of cell-w^alls as calcium pectate, and 
neutralizes and may form insoluble salts (^.g., calcium oxalate) 
with vegetable acids. Some of the inorganic salts render 
service to plants by promoting the metabolic activity of the 
protoplasm. For instance, {a) iron is an essential component 
of certain oxidation systems, and manganese may augment 
oxidase activity, (h) phosphates and magnesium take part in 
zymase cleavage, and (c) potassium contributes in some way 
to the development of photosynthetic activity in a chloroplast 
(see Briggs, 27). 

Substances of ecological importance* In this class we shall 
include the substances whose functional value may be related 
either to a special physical condition of the environment (e.g.^ 
excessive dryness of the soil or air), or to the presence of other 
organisms in the environment. The production of large 
amounts of cutin or of additional dermal coverings {e.g.y of 
wax) may serve to reduce the rate of transpiration. The 
pentosan mucilages produced in the interior of succulent 
xerophytic plants belong to this class, since they increase the 
water-holding power of cells. It has been suggested that the 
essential oils secreted by certain leaves may bring about a 

^ For discussion of these problems, particularly of the view's held 
concerning the action of inorganic salts as formative stimuli during growth 
and development, see Russell (123) and Miller (SZ), This is a con- 
venient place to note that auxins (p. 323) and other organic chemical 
stimuli (p. 310) which play a part in co-ordinating the activities of regions 
separated from one another, should be included in the group of substances 
. of physiological importance. ■ 
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diminution in the rate of diffusion of water-vapour and 

consequently of stomatal transpiration. ^ 

^ Cutm and suberin are always of ecological importance in 
that they protect plants from invasion by parasite^s and from 
he depredations of insects, snails, etc. It has been suggested 
that silica may occasionally serve as a protective subsSnce 
since experiments have shown that snails eat grass devXf 
sdica in preference to grass containing this substance A 
similar protective function against snails has been attributed to 

i of the glycosl, 

alkaloids, tannins, etc., by being distasteful or poisonous may 

bebiv from being eaten by animals, or’ from 

bemg invaded by parasitic fungi and bacteria 

The pigments and scents of flowers and the secretions of 
nectaries are of considerable significance when they act as attrac- 
tive substances in cross-pollination by insects, etc. pTgm 2 
scents, and food-stuffs in the feeding tissue of fleshrS 

bhS^^Th distribution of seeds is effected by 

birds. The statements made concerning the relations which exist 
between animal behaviour and chemical substances in plan 

in tne field by naturalists.^ 

o/ metabolism. We place amongst waste- 
products of metabolism those substances for which^we fail to 

Darwin writes : “ Flowers rank ^ Species, are to the point, 

of nature ; but they have been rendS^oonL"^^^^ beautiful productions 
green leaves, and in conseouenee conspicuous in contrast with the 

may be easily observed bv insect*? r beautiful, so that they 

finding it an invariable nJe thaf come to this conclusion from 

never has a gaily iTllrcowt 

good with fmits; tS argument holds 

eye as to the palate . . . will be S^fS St “ as pleasing to the 

serves merely as a guide to birds everyojne. But this beauty 

devoured and the Sured sSf. *uit may be 

from having as yet found no excevtim ^^^^^ *** 
disseminated wfien embedded within a fJ!if always thus 

fleshy or pulpy envelZTPiTbe col^Z if ''''H *> “ 

conspicuous by being S 1 ^ or rendered 

show that Dawin’s asXnmenfnfft.7.r- are used to 

tissues, followed observfw fa feeding 
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find a function. A good example is the anthocyanin in the 
swollen root of the red beet. Some of the substances secreted 
into ducts, sacs, etc., may be waste-products. 

E. The Division of Metabolic Labour within Cells and among 

Tissues 

Highly diverse chemically active systems exist side by side 
in unicellular organisms such as Chlamydomonas or yeast. In 
multicellular organisms showing differentiation, in addition to 
division of metabolic labour within single cells, striking differ- 
ences are shown in the metabolism of the various tissue-systems. 
For convenience, we shall consider separately the anabolic 
powers of meristematic, differentiating, and living differentiated 
tissues,^ and then touch upon the difficult question of the 
division of catabolic labour among tissues. 

The anahoUsm of meristematic tissue. In zygotes, meri- 
stematic apices, embryonic cells, and cambia, occur the 
syntheses from food materials translocated to these regions of 
at least some of the substances found in protoplasm (see p. 10), 
and of the cellulose and pectic components of cell-walls (see 
below). Conceivably a fraction of the substances found in 
protoplasm are synthesized elsewhere, and are translocated to 
the meristematic regions. But at least the final phase in the 
formation of insoluble or of colloidal components must take 
place in the meristematic cells. For instance, the synthesis of 
specific proteins occurs in these cells from the substances in 
crystalloidal solution (e.g., amino-acids, sugars, asparagine, and 
ammonium salts) which have diffused to them from elsewhere. 
We do not yet know how or where lipoids, sterols, and nucleic 
acid originate. 

The mtuboKsm of differentiating tissue, (i.) Cell-walls, 
During differentiation the production of pectic substances and 
cellulose continues, and as a result of other forms of carbohydrate 
metabolism, hemicelluloses, gums,, and mucilages, may become 

^ Metabolism ceases in cells which die during differentiation. Thus 
vessels, traeheides, fibres, and cork, do not directly function in the meta- 
bolic activity, of the plant., . ,, 
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incorporated in the cell-walls ; or metabolism may lead to tho 
production of {a) aromatic compounds such as lignin (e 0 in 

PtaT““,Tf *>■' S 

H-f-f acids such as cutin (e o in 

)• le cell-wall is, to a certain extent, the non-livino' 
record of some of the metabolic activities of the protoplasm ” 
Onslow m. p. 68). Since ceU-w.ll snbstnnces L no^ dil 
sible, at least the final stages in their synthesis must occur in the 

cells m which the substances are located. Moreover arabinose 

xy ose, mannose and galactose, are represented i’n ma rof 
these cell-wall substances. For instance, galactose, galacturonic 
acid, and arabinose, occur in peetic substances. Now the onlv 
sugars which migrate in plants are glucose, fructose, and cane^ 
sugar. Accordingly we may infer that intramolecular changes 
among carbohydrates may take place in the cells in whfch 
ccll-walls are being laid down. 

(ii.) Substances in protoplasm and vacuoles. Since pigmented 
substances do not migrate in plants, it follows that at least the 
final step in the production of plastid and vacuolar 
tekes place in the cells in which the pigments accumulate dunni 
differentiation. Moreover, direct observation shows that 
plastid pigments are actually produced in the plastids, and that 

7 . arguments to include substances, such as 

TAe enaftofem 0 / vacuolated living cells of differentiated tissues. 
power of photosynthesizmg monosaccharides from carbon 

SavTnr""*'-’^ " 

svnthJsec ^ ^-®“iaently by the mesophyll. Most of the other 

P W eTthet f light, and may take 

section Bl Tt non-green cells (see chap. XII, 

section B). It is probable that all vacuolated cells possess 

to the accuX 

a^ stl^ hohydrates, and fats, we refer to the cells 

ge-parenehyma. Since starch, hemicelluloses, and 
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protein grains, occur in the solid state, and since inulin exists in 
colloidal solution in cell-sap, we may infer that the final stages 
in the synthesis of these storage products must actually occur in 
the storage-tissues. On the other hand, for a storage-product 
such as cane-sugar, which exists in crystalloidal solution, it is 
difficult to decide whether the reserve food is synthesized by the 
storage-cells, or whether it is synthesized elsewhere and translo- 
cated to the storage-cells. 

The dimsion of catabolic labour among tissues. All living cells 
respire ; but in a single plant different types of substance may 
serve as respiratory substrates, and different modes of respira- 
tory oxidation may be displayed. For instance, in young 
germinating seedlings of the sunflower, fats may be oxidized in 
the cotyledons, while sugars are being oxidized in the plumule 
and radicle. Evidently there is a division of oxidative labour 
among tissues. Again, different substances undergo hydrolysis 
in different parts of a plant. Fats are hydrolyzed in the 
cotyledons of the sunflower seed, and starch undergoes hydro- 
lysis in the leaves of the independent seedling. It is not yet 
clear whether the occurrence of different types of oxidation or 
of hydrolysis should be entirely attributed to the occurrence 
of different substrates in various parts of the plant, for it is 
possible that the enzymic constitution of protoplasm may also 
be variable. Our knowledge of the distribution of oxidative 
and hydrolytic enzymes in the tissues of higher plants is far 
from complete. Thus we know very little about the catabolic 
powers of phloem, medullary rays, and the cortex. The dis- 
appearance of a food-substance from a storage-tissue during the 
germination of seeds or the sprouting of buds, and from green 
leaves in the dark, may, however, be ascribed with confidence 
to the activity of hydrolytic enzymes. It is probable that in 
most of these hydrolyses, the substrate and the specific enzyme 
are located in the same cell. Nevertheless, it is possible that 
certain enzymes migrate from one tissue to another. For 
example, there is some evidence ^ to show (a) that the 
mustard -oil glycosides contained in the testa of seeds of Lunaria 
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ton. are hydrolyzed by enzymes produced by the cells of tf. 

fir" 

H ^ during the germination ot date seeds. 

F. Types of Biochemical Change, or the Chemical Powers of 

Protoplasm 

cesses are effeeted. The elucidation of pro- 

W exactly „h«t types of chelpieal change e^ry W If' 
ot eaT5!,!'^"“°; “ '“1““' and the spedadty' 

(1? IlWta C?L r of ensjeni 

ever but fZ v ^ ^<=«-rboxylaUon. There are, how- 

srpri'°7tte'’xf 

parts such as ehloropki '”' P™‘»Pla™, or of specialized 

T"* '“’'"r' “«■ <" 

from on n r' °^P^°l'°®y”‘ll‘®sizing carbohydrates 

rc"tw c r “","r *« 

cr^rrrfn photosynthesis there is 

pract cant-o^f ^^bon atoms that persists in 

quently In io^'^7T conse- 
evolved the _ organisms. Since oxygen is 

This is ’probably n “^I ^ photo-reduction. 

leadsl'L pri.£d^' jr“, j rr'’'*" ■>" “<> 

paipotcrisaZ °”«">“ld«hyde. whieh then undergoes 
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As a rule when chemists, using symmetricai substances, 
synthesize compounds containing asymmetric carbon atoms, 
they arrive at a racemic mixture containing d- and Z-optical 
isomers in equal amounts. It is a noteworthy fact, however, 
that ill biosynthesis only one of a pair of optical isomers is 
usually produced. Protoplasm thus possesses the power of 
asymmetric synthesis, a power acquired by chemists only in 
recent times. Doubtless the stereochemical configurations of 
the first formed sugar (probably d-glucose) and of the sugars 
into which it is converted are respectively determined by 
specific metabolizing structures in the chloroplasts, and in the 
protoplasm as a whole. As a result metabolism is directed 
by protoplasm along definite stereochemical lines, ^ and the 
number of carbohydrate metabolites circulating in living 
organisms is thereby limited. Thus, out of sixteen possible 
aldohexoses, only d-glucose, d-mannose, and d-galactose occur 
in plants. It appears that these three aldohexoses, and the 
ketO“hexose, d-fructose, are readily inter-convertible when in 
living cells. One may therefore assign to protoplasm the 
power of effecting intramolecular changes. Apparently, 
optical inversion does not accompany such changes in the 
hexose group of carbohydrates. The recent discovery that 
d-fructose diphosphoric ester is produced by yeast during 
fermentation, independently of the hexose used, may be cited 
as an example. It should be noted that in the hexose 
diphosphate, fructose is in the active cr y-form. This is also its 
state when combined in cane-sugar. Hence one may infer 
that protoplasm can activate fructose {Le., change fructo- 
pyrariose into fructo-furanose). The reverse change, viz., 

^ Although the metabolism of substances containing asymmetric 
carbon atoms appears frequently to be directed in nature along certain 
fixed channels, it does not necessarily follow that protoplasm could not 
act on each of the two optical isomers, were both to be produced. Thus it 
is well known that W’hen mould fungi are fed with the ammonium salt of 
racemic tartaric acid, the d-salt is first attacked, but later the /-salt is also 
destroyed. Further, it should be noticed that the optical isomers and the 
racemic variety of a given substance may all be found as natural products. 
The occurrence of d-, I-, and dl-mandelo-nitrile, in cyanophoric glucosides 
from different species of plants affords a good example (see p. 404). 


184 


PROBLEMS OF METABOLISM 

(R-activaiion, occurs spontaneously when the keto-hexose i. 

liberated by hydrolysis. 

On anabolism in general. As a result of photosynthesis not 
only green cells but all the living eells in a plant are provided 
with sugars as well as with the water, gases, and mineral salts 
vjich are absorbed from the environment. It is probable that 
all forms of protoplasm possess the power of oxidizing sugars 
and their eleavage products. Recondite biochemical problems 
abound concerning the types of change which lead to 
the formation from sugar of other metabolic products con 
taimng carbon, hydrogen, and oxygen, and to the introduction 
of elements such as nitrogen, sulphur, phosphorus, iron and 
magnesium, into organic compounds. We have only room 
here to consider a few of these problems. 

A complex study may be simplified ’by sorting out the 
substances participating m anabolism into classes, such as 
inorganic anabolites, primary organic anabolites, secondary 
organic anabolites, and anabolic end-products. The term 
inorganic anabolite denotes one of the raw materials (carbon 
dioxide, water, mineral salts) absorbed from the environment 
or an inorganic salt (nitrite, ammonium salt, sulphide) produced 
by reduction. We shall use the term primary organic 
anabolite to represent such organic compounds, which are 
not themselves products of condensation, as can undergo con- 
densation and participate in the formation of anabolic end- 
products. It will be pointed out below that this term may be 
applied to hexose sugars, the sugar acids and alcohols, cleavage 

su^atcef amines, amides, and other 

Anabolic end-products may be very complex (e.g., poly- 
saccharides and substances, such as pectins, having affinities 
with polysaccharides, cutin and suberin, lignin, tannin, and 
re^ns or relatively simple (e.g., cane-sugar, gallic acid, betaine, 
and ally! isothiocyanate), or of intermediate complexity (e.g 
ats chlorophyll lecithin, sterols, carotinoids, and nucleic 
K of these end-products are readily decomposed 

by hydrolysis), and yield well-defined classes of substmces 
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which are of greater complexity than the primary anabolites. 
It has for a long time been widely held that such decomposition 
products may actually serve as the building-stones from which 
the anabolic end-products concerned are constructed. Thus 
amino-acids have been spoken of as the building-stones for 
proteinSj and monosaccharides for polysaccharides ; fatty 
acids and glycerol for fats ; fatty acids, phosphoric acid and 
choline for lecithin ; higher aliphatic acids for suberin and 
cutin ; gallic acid or protocatechuic acid for tannins ; phenolic 
alcohols for lignin ; and terpenes or phenols for resins. Apart 
from the monosaccharides and glycerol, none of the organic 
building-stones mentioned belongs to the class primary organic 
anabolite. They are all more complex. To emphasize this fact 
we propose to substitute the term secondary organic anaholite 
for building-stone. Evidently by so doing we clarify the 
pi’oblem of analyzing the anabolic sequences that occur in the 
formation of hydrolyzable end-products. In any such sequence 
WT must determine the types of change undergone and meta- 
bolic powers displayed in passing from inorganic anabolites to 
anabolic end-products by way of primary organic anabolites, 
and secondary organic anabolites. It is realized that inter- 
mediate metabolites may be formed in passing from a primary 
to a secondary anabolite, but we think that at present it is 
sufficient to recognize these two classes, and the antithesis 
between the qualifying epithets, primary and secondary, will 
serve this purpose. 

Non-liydrolyzahle anabolic end-products may be formed by 
the condensation of primary anabolites without the inter- 
mediate production of secondary organic anabolites. Thus it 
is a noteworthy fact that terpenes, carotinoids, sterols, and 
certain aromatic substances, appear to be constructed from 
compounds containing two and three carbon atoms (see also 
p. 375), and that flavones, anthocyanins, and many aromatic 
compounds, are constructed from primary anabolites with 
three and six carbon atoms ; indeed, it has recently been 
suggested (see Onslow, 1^2, chap. V) that some of the complex 
hydrolyzable anabolic, end-products {e.g,, proteins) are directly 
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constructed from primary anabolites, and that the oecurrence 
in living cells of certain of the substances we have described 
as secondary anabolites {e.g., amino-acids) must be exclusively 
attributed to hydrolysis, i.e., to a catabolic change. For other 
hydrolyzable end-products (e.g., starch, cane-sugar, fats, etc.), 
however, there appears to be substantial evidence that syn- 
thesis progresses by way of secondary anabolites. The 
alternative paths of synthesis may be schematically illustrated 
thus ; — 

Inorganic >■ Primary ^ Anabolic 

anabolites organic > Secondary > end-products. 

anabolites, organic 

anabolites. 

In the succeeding sections of this chapter we shall consider 
the chemical nature of the substances which are included in the 
four classes named above, and the types of change by which 
passage from substances in one class to those in a higher class 
is effected. It is a striking fact that whereas almost an infinite 
number of different anabolic end-products are synthesized by 
plants, these may be sorted out into relatively few chemical 
classes proteins, polysaccharides, fats, tannins, etc.). It 
appears that synthesis is directed by protoplasm along certain 
well-defined lines which are relatively few in number. There 
are good reasons for supposing that the primary organic 
anabolites do not constitute a numerous group. The variability 
among the anabolic end-products formed from these primary 
compounds may be attributed to permutations and combina- 
tions of a limited number of protoplasmic activities (each 
of which will show specificity), and, consequently, of types 
of chemical change. Evidently, during the course of anabolic 
sequences, greater variation of chemical structure will be 
found among members of the more complex anabolic products. 
Thus anabolic end-products {e,g., proteins) will be more 
numerous than secondary anabolites amino-acids). 

The formation of primary organic anabolites* It will be 
convenient to assume here that hexose sugars are directly pro- 
duced in photosynthesis by the condensation of inorganic 
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aimbolites (viz., carbon dioxide and water), and that they can 
exist as open-chain compounds. Since they participate in 
condensations which are accompanied by dehydration (p. 898), 
they may be classed as primary organic metabolites. It has 
been suggested that they (or the corresponding acids or alcohols 
produced from them respectively by oxidation and redaction) 
may also participate without cleavage in metabolic trans- 
formations that yield inositol and phenols, flavones, antho- 
cyanins, and other aromatic compounds, but there is a complete 
lack of experimental evidence. 

Pentose sugars and their derivatives may be produced by the 
decarboxylation of hexuronic acids, and may possibly serve as 
primary anabolites in the formation of certain glycosides 
nucleosides) and pentosans. Excepting for certain vegetable 
acids, little is known concerning molecules containing four 
carbon atoms, ^ but great interest attaches to the production 
of those containing three and two. 

The enzyme zymase is widely and possibly universally 
distributed in plant-cells. In cleaving hexose sugars in the 
presence of phosphates (p. 34) it displays powers of phos- 
phorylation, glycolysis^ oxido^reduction, and decarboxylation^ and 
may occasion the production of highly reactive compounds con- 
taining three carbon atoms {e.g,, methyl glyoxal, pyruvic acid, 
glyceric aldehyde, dioxyacetone, glycerol, lactic acid), and two 
carbon atoms (viz., acetaldehyde). All of these compounds 
may possibly serve as primary anabolites. Moreover, the 
presence in plant-cells of ethyl esters, and of compounds con- 
taining ethoxy groups, indicates that ethyl alcohol, which is 
formed by oxido-reduction from acetaldehyde, may act as a 
primary anabolite. 

Methyl esters {e.g,, chlorophyll, pectin) are invariably present, 
and compounds containing methoxyl groups (e,g., certain 
anthocyaiiins, and alkaloids) are widely found in green plants. 
It is possible, therefore, that methyl alcohol is one of the primary 

1 See Beniiet-CIark (IS) for a discussion of the view that vegetable 
acids are the bmlding-stones from which some of the complex plant-pro- 
ducts (e.g., amino-acids, alkaloids), originate. ■ 
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anabolites containing a single carbon atom, but there is no 
evidence concerning its origin. Chemists attribute the presence 
of the dioxymethylene group in certain alkaloids (e.g., narcotine), 
and of the methyl-imino-group in others {e.g., cocaine), to 
condensations in which formaldehyde participates. Thus this 
compound may have considerable anabolic significance quite 
apart from the part it possibly plays in the photosynthesis of 
carbohydrates, and, according to Baudisch, in that of amino- 
acids and alkaloids. 

As regards nitrogenous compounds, it has been suggested 
that urea and amino-derivatives of products of zymase 
cleavage containing two and three carbon atoms may be 
important primary organic anabolites. As a prelude to the 
production of urea or of any other primary anabolite con- 
taimng an amino-group, absorbed nitrate must be reduced to 
ammonia, probably with an intermediate nitrite stage, and 
there is some evidence that these reductions are effected by 
enzymes. In passing, we note that urease has been shown to 
act synthetically. It is possible, therefore, that urea may be 
produced by the union of ammonia and carbon dioxide in any 
living cell containing urease. The amount of carbon dioxide 
absorbed by plants for this synthesis would be trifling in 
comparison with that used in the photosynthesis of carbo- 
hydrates. 

No suggestions have yet been made concerning the nature 
of primary anabolites containing sulphur. It is evident, how- 
ever, that absorbed sulphates must be reduced before’ com- 
pounds such as allyl sulphide, cystine, etc., can be produced. 

The condensation of primary organic anabolites. It is evident 
that in oMer to account for the formation of complex open-chain 
and cyclic anabolic end-products one must assign powers of 
condensation to protoplasm. Such condensation may be 
effected either by addition, as happens when two imsaturated 
compounds combine, or by substitution. The latter operation 
will be accompanied by the liberation of water, ammonia, or 
some other substance. 

(i.) The formation of open-chain compounds. Chain-extension 
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accompanies the formation of most of the aliphatic acids, 
alcohols, and hydrocarbons found in plants, and one infers that 
protoplasm can cause the combination of two distinct mole- 
cules, but not necessarily of different compounds, by uniting 
them through carbon atoms. Chemical evidence suggests that 
the fusion, with or without dehydration, of two aldehydes or 
of an aldehyde and a ketone, may be responsible for the produc- 
tion of long-chain aliphatic compounds from primary organic 
anabolites.^ Thus, for example, butyric acid might be formed 
from acetaldehyde by means of an aldol condensation, followed 
by an oxido-reduction : 


CH3CHO+CH3CHO- 

acetaldehyde. 


. CH3 . CH(OH) . CHa . CHO - 
acetaldehyde aldol. 


.cH3.cH3.cHj.cooH 

butjTic acid. 


or the aldol might condense with acetaldehyde to give straight- 
chain compounds with six, eight, ten, etc., carbon atoms. 
Smedley and Lubrynska suggested that chain-extension might 
be brought about as a result of the condensation with dehydra- 
tion of acetaldehyde and pyruvic acid (equation (i.) ). The 
unstable higher unsaturated ketonic acid so found would 
immediately undergo decarboxylation (equation (ii.) ) : — 

(i.) CH. . CHO + CH3 . CO . COOH CH3 . CH : CH . CO . COOH + B .^0 

(ii.) CH3XH : CH.COXOOH CH3XH : CH.CHO -f- CO, 

(iii.) CH3XH : CH.CHO + 0->CH3.CH:CH.C00H 

The resulting unsaturated aldehyde might then be oxidized to a 
C 4 unsaturated acid (equation (iii.) ), or by condensing with 
pyruvic acid and by a repetition of the other stages yield a Cg 
unit. Evidently straight-chain unsaturated aliphatic acids of 
high molecular weight, each with an even number of carbon 
atoms, would be produced by a succession of condensations 
and of the other changes described above. The corresponding 

1 The only biochemical evidence which one can adduce in support of 
this suggestion is the fact that Neuberg and his co-workers discovered 
that when benzaldehyde was added to a solution of sugar which was 
undergoing fermentation in the presence of yeast or maceration extract, 
acyloin, a keto-alcoho! (probably C8H5CH(0H) . CO . CH3) was synthe- 
sized. Neuberg ascribed the synthesis to the condensing action of an 
enzyme, which he termed carboligase, on the added benzaldehyde, and the 
acetaldehyde produced by zymase-cleavage. 
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saturated aliphatic acids would, of course, be readily formed 
from unsaturated acids by reduction. 

^ It would be simple by considering different primary anabo- 
lites to extend these theoretical notions to account for the 
formation of aliphatic acids with an uneven number of 
carbon atoms or with branched chains and of hydroxy- 

acids corresponding to amino-aeids such as alanine, valine and 
serine. ’ 


. I 


It should be noted that in the transformation of carbo- 
hydrates to aliphatic acids the state of the molecule becomes 
progressively reduced as the carbon chain lengthens. ^ Rediu:- 
Umi proceeds even further in the production of higher alcohols 
{e.g., phytol, xanthophyll, carnaubyl alcohol), and hydrocarbons 
carotin). 

Obscurity still surrounds the mechanism by which nitrogen 
and sulphur are introduced into aliphatic compounds. It has 
been pointed out (Onslow, 102, chap. V) that among the ways 
m which amino-acids may in theory be produced is the amina- 
Uon of the corresponding nitrogen-free, a-hydroxy- or a-keto- 
acid, and by condensation with ammonia. Powers of amidation \ 
a so are possessed, as is evidenced by the production of aspara- 
gine and glutamine from aspartic and glutaminic acid respec- 
tmly. Possibly sulphur compounds are produced by the 
substantive condensation of primary anabolites with inorganic 
sulphides or hydrosulphides. 

(ii.) Ring-formation. The wide distribution of homocyclic 
and heterocyclic compounds suggests that living cells can unite 
atoms so as to form rings, or produce substances which con- 
dense spontaneously into cyclic compounds under the condi- 
tions prevalent in the cell-sap. The formation of the benzene 

occurring fatty acids are highly reduced substances 
liberate^in carbohydrates the amount of carbon dioxide 

in the oxil?S? “V ®^®®®^ oxygon absorbed 

aldehydes. In the reverse change, viz., that of fattv 

pretation S tte^melnin^^^^ absorption predominates. In the inter^ 
one ^st remember ^ respiratory quotients (chap. XIV, section C), 

ciateZlhTeS^^^^^ 
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ring from aliphatic compounds is probably a metabolic act. 
Various suggestions have been made concerning the possible 
modes of formation of phenolic and other benzene derivatives 
from primary anabolites containing six, three, or two carbon 
atoms, but no experimental evidence has as yet been obtained 
in support of these suggestions. It should be noted, therefore, 
that we are completely ignorant concerning the method by 
which this fundamental synthesis, on which the coal-tar 
industry is based, is effected by green plants. Examples are 
given below of ring-formation in aliphatic compounds, or in the 
side-chains of c^^'clic compounds, which results from internal 
condensatmn, following molecular-rearrangement ( (i.) and (iv.) ), 
or the liberation of water (ii.), or ammonia (iii.). 

(i.) In the formation of heterocyclic rings in aldo-hexoses, 
hydrogen migrates from a secondary alcohol group to the 
aldehyde group, leaving an oxygen and carbon atom with free 
bonds. These atoms then fuse, and an amylene-oxide or 
pyranose hexose is produced. Ring-formation is spontaneous, 
i<?., is independent of the presence of protoplasm. 

HOHC (CHOH)j-CH-CH20H+R-OH-»-ROHc' (CHOH)3-CH-CHjOH + HjO 


It should be noticed that this same heterocyclic ring is repre- 
sented in flavone and anthocyanin pigments, and in catechin 
compounds. 

(ii.) Internal condensation may occur spontaneously with 
the elimination of water, as happens, for example, in the 
formation of ortho-coumarin from the ortho-coumaric acid set 
free by the hydrolysis of the coumarin glucosides of sweet 
vernal grass, , sweet woodruff, and the tonka bean. 


OH-C^H^-CH-CH-COOH > 







+ H^O 



(iii.) Certain heterocyclic rings may arise from the internal 
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condensation of aliphatic amino-compounds {e.g., amino-acids 
such as ornithine and lysine), and ammonia may be liberated. 

/V / , *^2^ CH- 

CHg^NHj) CHg CH2 -Ch(nH2)-COOH > I + mh. 


ORNITHINE 


^zC ^CH-COOH 
PROLINE 


(iv.) Raper (119) has shown that melanin, which is formed 
from tyrosine by the action of tyrosinase, is a derivative of 
substituted mdole. Evidently ring-formation by the condensa- 
tion of nitrogen and carbon must occur at some stage in the 
change, and, according to Raper, is possibly a spontaneous 
chemical event which follows the production of the reactive 
3 ; 4-quinone of phenyl alanine from the enzymic oxidation by 
dehydrogenation of 3 ; 4-dihydroxyphenylalanine.i 

^2CH(NHg)-C00H ^g-CH{NHg).COOH CHg.CH{NHg)-COOH 


tyrosinase 


TYROSINASE 


OH 0 

tyrosine 5-4-OIHYDfiOXY phenylalanine 3:4-QUIN0NE OF 

phenylalanine 

CH2CH(NHg)-COOH 


SPONTANEOUS 



CH-COOH 


I I 1 

5:6DIHYDROXYDlHYDnOlNDOLE-E-CARB0XYLIC ACID 
It should be noted that several further enzymic and other 

under thragenoyhf of a benzene derivative 
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elianges must take place before melanin is formed ; these, how- 
ever, do not concern us here. Our present interest in the 
action of tyrosinase resides in the enzymic production of a 
molecule which is converted by spontaneous internal con- 
densation into a heterocyclic compound. 

Ring-formation may also be induced by external condensation, 
i.e., by the fusion of two or more molecules of the same or of 
different substances, and doubtless occurs in living cells, but 
has never been experimentally produced. Thus two unsaturated 
molecules may condense by means of one of the double bonds 
and give rise by addition to a cyclic compound, or condensation 
may occur with the elimination of water, ammonia, or other 
compounds. For example, it has been suggested that imina- 
zole, pyrimidine, and purine rings may arise as a result of the 
condensation with dehydration of urea and methyl-glyoxal 
(see Onslow, 102, p. 238). 

Possible relations between certain anabolic endr-products 
and secondary anaboUtes. One may regard such secondary 
anabolites as are found in the free state in cells, either as 
products of hydrolysis of anabolic end-products which con- 
tained glycosidal, ester, peptide, depside, or other linkages, or 
as the building- stones for the synthesis of substances containing 
these linkages. 

(i.) The synthesis of anabolic end-products containing one or 
more glycosidal linkages. This big and varied class of end- 
products (table VI) is comprised of polysaccharides (starch, 
cellulose, hemicelluloses, mucilages, and pentosans) and 
substances with polysaccharide affinities (pectins and gums) ; 
tetra-, tri-, and disaccharides ; and the substances that have 
been grouped together as glycosides (p. 404). They are all 
hydrolyzed in vitro by acids, cleavage occurring at the glycosidal 
linkages (pp. 399 and 404), but not all by the living cells of 
green plants. Thus whereas starch, hemicellulose, inulin, and 
cane-sugar— the carbohydrate food-reserves of plants — are 
hydrolyzed by amylase, cytase, inulase, and invertase, respec- 
tively, enzymes that can hydrolyze cellulose, pentosans, 
mucilages, and gums, have not yet been separated from green 
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plants, nor is there substantial evidence that these anabolic 
end-products are used during growth. It is well established 
that during autolysis a-glucosides are hydrolyzed by maltase, 
and ^-glucosides {c.g., amygdalin) by the prunase component 
of emulsin (p. 30), but little is known concerning the fate of 
these substances in normal metabolism. 

Table VI 

Anabolic end-products containing 
glycosidal linkages. 

. Glucosans (starch, celiulose, hemi- 
celluloses, mucilages). 

. Fructosans (inulin). 

. Cane-sugar. 

Raffinose. 

. Mannans (hemicelluloses, mucilages). 
. Galactans (hemicelluloses, mucilages, 
pectins, gums). 

. Arabans (hemicelluloses, mucilages, 
^gums (^.g., gum arabic), pectin). 

. Xylans (hemicelluloses, gums (<?.g., 
wood-gum), mucilages). 
Glycosides. 

another substance (not 
a sugar). 

There is strong evidence in favour of the view that one must 
attribute the formation of some of the carbohydrate end- 
products (^.g,, starch, cellulose, inulin, and cane-sugar) to the 
power which protoplasm possesses of synthesizing glycosidal 
linkages by combining, with dehydration, molecules of (i.) the 
naturally occurring monosaccharides, Le., glucose and fructose, 
01 (ii.) monosaccharides and phenolic or other substances. 
Enzymic synthesis of glycosides has been effected (p. S3), and 
has led to the suggestion that in the carbohydrate group also, 
synthesis may be attributed to hydrolytic enzymes when these 
are acting under favourable conditions in living cells. Evi- 
dently (see above) the synthesis of ceUulose, pentosans, 
mucilages, and gums, cannot yet be attributed to enzymes. 
Attention is called to the fact that mannose, galactose, and 


Secondary Anatolites. 

Glucose 

|j* I Fructose 

1 1 I Glucose + fructose 

r I Galactose + glucose 

^ + fructose. 

Mannose 
Galactose . 

Arabinose . 

Xylose 

Monosaccharides -j- 
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pentoses, do not occur in the free state in living cells, but are 
widely distributed as maiinans, galactans, and pentosans, in 
Iiemicelluloses, mucilages, etc. It may be that the mono- 
saccharides undergo gIy(*osidal condensation immediately they 
are formed. Alternatively, however, mannans and galactans 
might originate from glucosans or fructosans, and pentosans 
from uronic acid derivatives of polysaccharides. Some 
significance has been attached to the frequent association in 
plant-cells of glucosans and xylans (c.g., in wood-gum), and of 
galactans and arabans in gum-arabic and pectin), because 
glucose can by chemical means (oxidation and decarboxyla- 
tion) be converted into xylose by way of glucuronic acid, and 
galactose into arabinose by way of galacturonic acid. 

(ii.) Anabolic products containing ester-lmkages. Among 
plant-products the ester-linkage occurs in simple volatile esters 
(e.g., amyl acetate), waxes, fatty oils, lecithins, pectin, and 
nucleic acid. The ester-linkage readily undergoes hydrolytic 
cleavage in vitro in the presence of acids or alkalies, and 
enzymic cleavage of most of these compounds (but not of 
chlorophyll ^) has been effected. Thus lipase (p. 28) hydro- 
lyzes simple esters, fatty oils, and lecithins ; phosphatase 
hydrolyzes the phosphoric esters, viz., lecithins and nucleic 
acid ; and peetase hydrolyzes pectin to pectic acid and methyl 
alcohol. There is evidence that lipase and phosphatase can 
act synthetically, and it may be that in living cells the final 
stage in the synthesis of the anabolic end-products named 
in table VII is by ester formation from the corresponding 
secondary aiiabolites. 

(iii,.) The synthesis of anabolic end-products containmg peptide 
linkages. All .proteins can be hydrolyzed by acids or by 
eiizyiiies (protease and peptidases, p.,81), to amino-acids by 
•way of proteoses, peptones, and polypeptides (p. 425). It has 
been suggested that the reverse process can occur in living cells. 
This would imply that protoplasm possesses the power of 
producing peptide linkages, and thereby of. synthesizing proteins 

1 Tile enzyme chloropliyllase (p. 29) effects tlie alcoholysis, not the 
hydrolysis, of chlorophyll. 
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Table VII 

Secondary anaboUtes. Anabolic end-products contain- 

... ing ester linkages. 

Lower aliphatic acid + lower alcohol . Volatile esters 

Higher aliphatic acid -f higher alcohol Waxes. 

Glycerol -f fatty acid . . Fats. 

Glycerol -j- fatty acid -j- phosphoric 
acid -f choline .... Lecithins. 
Phosphoric acid + nucleoside . . Nucleic acid 

Pectic acid -f methyl alcohol . . Pectin 

Chlorophyllins a and b + methyl alcohol 
+ phytol . . ... . Chlorophylls a and h. 

from secondary anabolites, viz., amino-acids. An alternative 
hypothesis is that proteins are synthesized by the condensation 
of primary anabolites, and that amino-acids are always products 
of hydrolytic catabolism (p. 185). 

(iv.) The synthesis of anabolic end-products containing depside 
or other linkages. The formation of other complex anabolic end- 
products appears to be the result either of the condensation with 
dehydration or of the polymerization of secondary anabolites, 
such as phenols, phenolic acids or alcohols, fatty acids, and 
terpenes. For instance, in the production of tannins, mole- 
cules of phenolic acids (e.g., gallic acid or protocatechuic acid) 
combine with loss of water to form di-depsides, tri-depsides, 
etc., and the resulting complex may then form a glycoside or 
ester with a monosaccharide. Lignin may be formed by the 
condensation with dehydration of phenolic alcohols (e.g., 
hydrated eaffeic alcohol). If this is the course of events one 
must assign to protoplasm the power of forming ether linkages 
(p. 374). Cutin and suberin result from the condensation 
and oxidation of higher fatty acids, while certain resins may 
be similarly formed from terpenes, and other resins by the 


CHAPTER XII 

THE EXPERIMENTAL STUDY OF. METABOLISM 
A. The Problem, of Intermediate Metabolism Restated 

A,n,abo.lis]\i. and catabolism are gradual 'processes. Probably 
there are many more intermediate stages in the synthesis of 
anaboli,c end-products than we recognized in the last cliapter, 
and there is 'little doubt that many intermediate substances 
have at least a transient existence in the hydrolysis of insoluble _ 
food-substances and in respiratory oxidations. The ultimate 
objectives of the ' experimental study of intermediate meta- 
bolism are (fi) to ascertain what substances accumulate and 
what transitory substances are produced during the metabolic 
transformations of known initial metabolites (A^, Ag, Ag, say) 
to known metabolic end-products (Z^, Z 2 , Zg, say), (6) to place 
these intermediate metabolites (B’s to Y’s inclusive) in their 
proper sequence, (c) to discern the types of chemical reaction by 
which protoplasm effects each change in the sequence, and 
(d) to separate from protoplasm enzymic systems etc.) 

that will' effect each change in vitro. Evidently on attaining 
all these objectives we could give a complete description of the 
metabolic traiisforinatioii in chemical terms. Unfortunately 
experimental data for iiiost anabolic processes- are still scanty 
and iiicoiielusive, and only for certain short chains of catabolic 
events lias the nature of the connecting links been apprehended. 

Chemists have not been backward in suggesting from purely 
chemical considerations possible sequences of metabolic events. 

But it niust, always be borne in mind that a metaboliC' product , 

may owe its origin in vivo to very different reactions from those 
by which it can be prepared in vitro. Accordingly, in order 
to .test the ■worth of a hypothesis that has been based on know- 
ledge of the chemistry of substrates participating in a metabolic 
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change, data must be gathered by experimenting on Imns 
plants. If one definitely contradictory fact is experimentaUv 
ptablislied, an hypothesis must be rejected however attractive 
it may be from the chemical viewpoint. In the present 
chapter we are concerned with h^-potheses which have been 
developed from biochemical studies on plants (section B) 
and with experimental methods which are available for 
testing such hj-potheses and the views put forward by chemists 
(section C). 


B. Changes in the Chemical Composition of Plant-Tissues under 
Natural Conditions 

We shall consider below' some of the more important views 
concerning metabolic sequences that have developed from the 
results of investigations on the chemical changes that accom- 
pany growth and differentiation, maturation, senescence, etc., 
and on the changes that result from natural alterations of 
external conditions, e.g., of light-intensity or temperature. 

The metabolism of green leaves. We pointed out in the last 
chapter that the results of water-culture experiments compel 
us to ascribe remarkable powers of synthesis to green leaves. 
We shall in a later chapter discuss the process of photosynthesis, 
and examine the hypothesis that formaldehyde is an inter- 
mediate metabolite in this process. In the present subsection 
we shall pass in brief review the evidence that, as a result 
of photosynthesis, green leaves are furnished with a rich supply 
of hexose sugars, and that most of the subsequent metabolic 
transformations occur independently of the presence of light. 
Evidently it follows that such transformations may also occur 
m non-green parts of plants to which sugars are translocated. 
Green leaves must not be regarded as the only chemical 
manufactories in plants. Indeed it is probable that if they are 
supplied with sugars, mineral salts, and water, all living plant- 
cells, in addition to consuming organic substances in respiration, 
can display very varied anabolic powers (see chap. XI, 
section F). The results of experiments point to the con- 
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elusion that in. a given cell the concentration of sugars is, as a 
rule, a dominating factor in determining the extent and coupe 
of anabolic events. Accordingly, one may infer that in addition 
to photosynthesizing carbohydrates that are sooner or later 
translocated, green leaves play an exceedingly important part 
in the total metabolism of plants ; for, evidently, while photo- 
synthesis is in progress, a high level of concentration of sugars 
will be maintained in green leaves, and anabolism in situ may 
be promoted in many directions. As a result diffusion-gradients 
for nitrogenous compoimds and other nutritive substances may 
be set up. The illuminated green leaves would then act as the 
source of (iiffusible nutrients, and growing, storage, and other 
regions, as the sinks (see p. 128). Thus we may include such 
diffusible organic substances as are elaborated from sugars and 
mineral salts in green leaves among the substrates which are 
available for metabolism in all parts of the plant. Apart then 
from performing the essential operation of photosynthesis, green 
leaves may assist to a considerable degree in bringing about 
the syntheses of anabolic end-products that accompany cell- 
division and differentiation, and those leading to the accumu- 
lation of food-substances in storage-organs. 

(i.) The production of carbohydrates in green Much 

discussion has centred on the results obtained by measuring the 
diurnal cliaiiges in the concentrations of reducing sugars 
d-glucose and d-fructose), cane-sugar, and starch, in the green 
leaves of different plants.^ For such leaves as are capable of 
producing starch, it can easily be shown that the amount of 
this substance contained in the chloroplasts increases during 
the, day, and diminishes during the night (p. 229). Following 
the pioneer work of Browm and Morris on the leaves of 
Tropoeoltim, other investigators have made quantitative 
experiments on the sugars in leaves. Parkin experimented on 
snowdrop ; Campbell on mangold; Davis, Daish, and Sawyer, 
on mangold and potato; and Miller on maize and sorghum. 
All the experimental results {e,g., see those graphically recorded 
ill ig. 21) indicate that during a 24-hour period the concen- 
^ See, e.g.f Onslow (102), Stiles (144)* 
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tration of cane-sugar may fluctuate considerably, increasing in 
the light, and decreasing at night {cf . the changes in the amount 
of starch), while the concentration of reducing sugars does not 
fluctuate in a manner that can be significantly correlated with 

; light-intensity. 

The earlier workers interpreted these results as showing 
{a) that cane-sugar is the first carbohydrate to be formed in 


SORGHUM 



Fig. 21.— Diurnal variations in the concentrations of reducine and 
non-reducing sugars in the leaves of maize and sorghum 

photosynthesis ; (b) that hexoses are derived from sucrose by 
hydrolysis ; and (c) that starch often, but not always, accumu- 
ates as a secondary product of photosynthesis, and results from 
the condensation of sugars. They thought that the hexoses 
were translocated from the leaves, and, in addition, were 
used by the leaves in growth and respiration. But one can 
with equal justification infer from these results that hexoses 
are primary products, and that cane-sugar and starch are 
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secondary products of pliotosyiithesis. At the present day this 
view is widely held, and has received some experimental support 
(p. 219 ). It is supposed that living cells cannot synthesize 
cane-sugar or starch until, . as a result of photosynthesis, a 
certain minimal critical concentration of hexose has been 
attained A The further production of hexoses above this 
critical amount is then immediately followed by condensations 
that lead to the s^nithesis of cane-sugar and starch. Conse- 
quently the concentration of hexose remains approximately 
constant, while the concentrations of cane-sugar and starch 
vary directly with the rate of photosynthesis. In explaining 
the variations experimentally observed in the concentrations of 
carbohydrates it must be remembered that throughout the day 
and night sugars diffuse away from the leaves, and, in addition, 
continually undergo metabolism in the green cells in which they 
are produced. Under favourable conditions for photosynthesis 
the rate of production of hexoses exceeds that of the removal 
of carbohydrates, and, consequently, cane-sugar and starch 
accumulate as secondary products in the mesophyll tissue. 
When the light fails, photosynthesis ceases ; but translocation 
and respiration, and other types of metabolic change, continue, 
and the chemical equilibria characteristic of the cells are main- 
tained by the hydrolysis of some or all of the cane-sugar and 
starch stored during the day. As a result the concentration of 
each of these condensates falls. 

(ii.) The nitrogen metabolism of green leaves. Fundamental 
investigations upon this important subject were made towards 
the close of last century, and, more recently, our knowledge has 
been considerably extended by the quantitative experiments 
of Cliibnall, Mothes, Ruhland, and others.^ It has been found 
that under natural conditions (a) the concentrations of protein , 
and of, total nitrogen in a green leaf increase during the 

1 Tlie value of this conceotration varies from species to species (see 
p. 219). Ill certain leaves, for example, those of many monocot;^eaons, 
the critical concentration for starch-formation is so high that starch never 
accumulates in these leaves under natural conditions. Cane-sugar is, 
however, always produced. 

^ For a critical review see Onslow { 102 ), ciiap. V, 


- 4 * 




ii 

■ 



202 EXPEMMENTAL STUDY OF METABOLISM 


day, while the concentration of nitrate is always extremely 
low ; (b) the concentrations of protein and non-protein nitrogen 
decreases during the night, while the concentration of nitrate 
increases, and (c) in illuminated variegated leaves there may 
be considerable amounts of nitrate in the white parts, but none 
at all in the green. Considering this evidence alone, one might 
infer that protein is synthesized either from nitrate and the 
carbohydrates that are produced by photosynthesis, or direct 
from carbon dioxide, water, and nitrate, by a special form of 
photosynthesis in which carbohydrates are not produced. 

These alternative hypotheses have been tested by feeding 
leaves placed in the dark with sugars and with nitrates or 
ammonium salts. Under these conditions proteins were 
synthesized, provided the concentration of sugar was suffi- 
ciently high (qf. starch-formation by feeding darkened leaves | 

with sugar). Accordingly, it is now widely held that light does 
not participate directly in the synthesis of proteins by green 
leaves A Nevertheless, light must be regarded as an essential 
factor owing to the part it plays in the photosynthesis of carbo- 
hydrates, seeing that these substances are used in protein 
synthesis. As a working hypothesis we may suppose that when 
photosynthesis is in progress a fraction of the sugar produced 
is cleaved to form primary organic anabolites. Amino-acids 
may be synthesized by a series of condensations, etc., in which 
these anabolites and ammonium salts, produced by the reduc- 
tion of nitrates, participate. Proteins would then be formed by 
the condensation of these amino-acids. The amino-acids, being 
diffusible substances, may also migrate to other parts of the 
plant where protein synthesis is occurring. Moreover, they 
may, by undergoing deamination and other changes (e.g,, ' 

oxidation), give rise to ammonium salts or amides aspara- j 

gine, glutamine). These also are diffusible substances, and may 

^ It lias long been realized that the successful growth of saproph3rtlc 
fungi (e.g., yeast) in nutrient solutions containing' sugars or some other 
nitrogen-free organic compound, ammonium salts, and certain other 
mineral salts, shows that nitrogen can enter into organic combination 
independently of the presence of light. It will be recalled that growth ^ 

implies the synthesis of the constituents of protoplasm. 
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serve in the translocation of nitrogen 'from green leaves to 
growing and storage regions. 

Returning to the consideration of the experimental results 
(a) and (^) recorded at the outset of this subsection, we may 
now suggest that during the day the synthesis of organic 
nitrogen more than compensates for loss of nitrogen by trans- 
location, and that, in consequence, proteins are synthesized and 
are temporarily stored in mesophyll tissue (cf, the parallel 
plieiiomenoii of the accumulation of starch). In the dark trans- 
location continues, but the synthesis of amino-acids ceases. The 
disappearance of amino-acids as a result of translocation or 
of oxidative deamination prior to translocation is followed by 
the hydrolysis of proteins. Accordingly the amounts of 
protein and of total nitrogen in a leaf diminish in the dark. 

Important additions to our knowledge of the problem of the 
production of amides and ammonium salts by green leaves have 
resulted from the extensive experiments performed in Ruhland’s 
laboratory on the nitrogen metabolism of leaves which had been 
rendered deficient in carbohydrates by keeping them in the 
dark for prolonged periods. Under these conditions ammonia^ 
which in the free state is a toxic substance, is produced by the 
liydi’olysis of proteins and the deamination of amino-acids. 
But the danger of injury to plant-cells is removed by chemical 
mechanisms corresponding in functional significance to the 
mechanism which leads to the formation of urea in animal 
metabolism. It appears that a distinction may be drawn 
between amide-plants and acid-plants. In the former, the 
ammonia set free becomes bound as amide-nitrogen. Asparagine 
is formed in the Leguminosaj, Graminacese, and many other 
natural orders. Glutamine is also widely distributed, and, 
according to Schulze, to the exclusion of asparagine in the 
Cruciferas and Caryophyllacefe. In the acid-plants (e.g., 
Begonia, rhubarb) the oxidative deamination of amino-acids 
leads to the liberation of ammonia and the simultaneous 
production of malic, succinic, oxalic, and possibly other 
nitrogen-free acids. By combining with these acids the 
' ammonia is rendered innocuous. 
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The amides and ammonium salts that accumulate in leaves 
during a period of darkness gradually disappear when carbo- 
hydrates are again produced on exposure of the leaves to light. 
It is probable that these nitrogenous substances are then used 
in the leaves for protein synthesis. Moreover, it is supposed 
that in the dark, amides and ammonium salts diffuse out of green 
leaves at a fairly rapid rate, and, upon arriving at growing or 
storage tissues, are used in the synthesis of amino-acids and 
proteins, provided carbohydrates are present in sufficient 
concentration (see below). 

(iii.) The ^production of aromatic compounds and other substances 
green leaves. Experiments have shown that tannins, antho- 
cyanins and other glycosides, and many other types of substance, 
may accumulate in illuminated green cells. It is reasonable to 
suppose that most of these substances result from the meta- 
bolism of carbohydrates produced in photosynthesis, and are 
not themselves photo-biochemical products. The production 
of chlorophylls a and b, however, is, as a rule, dependent upon 
the presence of light as W’^ell as upon a supply of carbohydrates.^ 
The metabolism of genninaiing seeds. The determination of 
the changes in chemical composition that take place during the 
germination of seeds has thrown light on the catabolic events 
that are concerned in the provision of respiratory energy and 
in the mobilization of reserve foods, and has also provided 
direct chemical evidence of a few of the anabolic events asso- 
ciated with growth. The results of such experiments show the 
t5rpical chemical relations that hold between the metabolism 
of regions that supply foods (green leaves ; the storage-regions 
of rhizomes, bulbs, corms, tubers, etc. ; storage -parenchyma in 
woody perennials) and that of regions in which food is assimi- 
lated for growth (sprouting buds, growing apices of shoots and 
roots, and cambial regions). 

In table VIII are recorded the results of analyses of comparable 
samples of seeds and seedlings. The loss in dry-weight may be 
attributed to respiration, and this^process will account for about 
one-third of the observed decrease in the fat -content. The 
^ See review by Priestley (lU) of Lubimenko’s experiments. 






respiratory quotient was about 0*7. The remainder of the 
decrease may be ascribed to tlie conversion of fats into carbo* 
hydrates, lecithin, and, possibly, soluble organic acids. 
Aitliougli finely emulsified fats can migrate from storage 
tissues, it is fairly certain that the mobilization of fats in the 
cotyledons was mainly brought about by lipase cleavage and 
by the conversion of the glycerol and fatty acids thus produced 
into diffusible carbohydrates.^' We may ascribe to cell-wall 
formation in the growing a.pices the carbohydrate anabolism 


Table \TII, Chemical changes dtm.ng the germmation of 
smiflozver {after Franirfurt, see Palladm, 108 ) 


that led to increases in cellulose and hemicelluloses.® It 
will be noticed that the disappearance of reserve protein from 
the cotyledons may be accounted for by the synthesis ' of 
conjugate-proteins in the growing apices. Mobilization of the 
protein w’-as probably effected by hydrolysis under the agency 
of proteolytic enzymes (see pp. 31 and 82). Amino-acids 


^ Glycerol has never been detected in germinating seeds. Consequently 
one may conclude that it is rapidly converted into carbohydrates [cf 
p. 219). Since free fatty acids may accumulate, it appears that the rate 
of lipase cleavage may exceed that of the conversion of fatty -acids into 
sugars. 

2 Presumably iiucleoprotein and lipoprotein. 

® Pectic substances, were probably' estimated as hemicelluloses. 
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Cain or loss dur- 
ing germination. 


88-98 — 11-12 

13-34 — 10-72 

4-05 -{- 3-09 

3-60 -f 8-60 

0-71 4- 0-27 

21-81 — 38-50 

13-12 -f 9-34 

2-16 + 1-60 

10-25 + 7-71 

8-41 - j - S -41 


Total dry weight . 100 

Simple proteins . . 24-06 

Nuclein and plastin " . 0-96 

Asparagine and glutamin 0-00 

Lecithin . . . 0-44 

Fats . . . 55-32 

Sugars . . . 3-78 

Soluble organic acids . 0-56 

Cellulose . . , 2-54 

Hemicelluloses . . 0-00 
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are not represented in the above table/ but they were probably 
present. They have often been shown to accumulate during 
germination. The demonstration of the production of amides 
is of considerable interest. The reader is referred to 
the discussion on p. 201, for it is probable that protein cata- 
bolism in seeds is very similar to protein catabolism in 
darkened leaves. When seeds are rich in proteins 
leguminous seeds), high concentrations of asparagine may 
develop during normal germination. A progressive accumula- 
tion of asparagine occurs if the germination of such seeds is 
brought about in the dark, in order to preclude the replenish- 
ment of carbohydrate stores by photosynthesis. If etiolated 
seedlings turn green and continue to grow upon exposing 
them to light, the asparagine gradually disappears* Good 
evidence exists that it is used in protein synthesis. 

Seeds containing carbohydrates as the principal food-reserves 
have also been chemically studied. Where starch is the reserve 
food {e.g,^ in cereal grains or leguminous seeds), carbohydrate 
catabolism in the endosperm or cotyledons is similar to that 
in darkened green leaves containing starch. Amylase and 
maltase hydrolyze starch to glucose, which diffuses to the 
growing apices and is used for cell- wall formation. Cytase 
hydrolyzes the hemicelluloses in date seeds and elsewhere, and 
converts this food-reserve into diffusible sugars. For all seeds 
belonging to this class there is a loss in dry -weight during 
germination, and the respiratory quotient is unity. Protein 
metabolism is similar to that in the germination of seeds con- 
taining fatty oil as food-reserve (see remarks above on 
leguminous seeds). 

The metabolism of developing storage-d^issues and feeding 
tissues. Great practical importance attaches to the investiga- 
tion of the chemical changes occurring during the development 
seeds, tubers, swollen roots or hypocotyls, etc., and during 
the growth, ripening, and senescence of fleshy fruits. We only 
have room here to consider certain aspects of the metabolism of 

^ It is evident from the differences between gains and losses in weight 

making a complete analysis. 
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two types of tissuCj viz., the developing storage-tissues in seeds, 
and the flesh-tissue of growing and fully-grown apples., 

(1.) Developing storage-tissues in seeds. It has been found 
by means of chemical analysis and by applying micro-chemical 
tests, that the sugars translocated to maturing seeds are 
gradually converted into polysaccharides (starch or liemi- 
celiiilose) or into fatty oils (table IX).^ It is not always 
realized that the occurrence of fatty oil as a reserve food in 
seeds is far more general than that of starch. 

Iabjle IX. Changes in carholiydrate and fat content of ripening 
almonds {from Leathes and Eaper^ 85) 


Oil. 

Per cent. 

Sucrose. 
Per cent. 

Glucose. 

Per cent. 

starch. 

Per cent. 

2 

6*7 

6*0 

21-6 

10 

4*9 

4-2 

14-1 

37 

2-8 

0-0 

6-2 

44 

2*6 

0-0 

5-4 

46 

2*5 

0-0 

' 5-3 


June 9th 
July 4th 
August 1st . 
September 1st 
October 4th . 


Our knowledge of the problem of protein formation in seeds 
is still obscure. We do know, however, that during ripening 
tlie coiiceiitration of soluble nitrogenous substances decreases 
and that of protein increases. It appears to be probable that 
proteins may be formed either from the condensation of amino- 
acids translocated from green leaves or elsewhere, or as a result 
of reactions in which carbohydrates, asparagine, and ammonium 
salts may participate^ {see Onslow, 102, chap. V). 

(ii.) The metabolism of the flesh-tissue of growing and fully 
grown apples. In recent years much information has been 

may possibly take place are discussed 
on p. 189. It lias been f>bseryed that fatty acids sometimes accumulate 
in the early stages, and later disappear. 
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obtained concerning the physiology of the apple, as a result, in 
particular, of the investigations which have been promoted by 
the Food Investigation Board in this country, i and by Depart- 
ments of Agriculture in the United States of America. All we 
can attempt here is a brief review of certain selected biochemical 
phenomena. 

During the growth phase that immediately follows fertiliza- 
tion, cell-division proceeds rapidly. The constituents of 
protoplasm (p. 10) and of cell-walls (p. 172) are synthesized 
from the nutrient material translocated from green leaves 
and storage-tissue. During the subsequent vacuolation and 
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Pig. 22.— Variations in the concentration of certain constituents 
of the flrah-tissue of Bramley’s seedling apples rinring 
growth. The I’esults are expressed in grams of substance per 
100 grams fresh-weight of tissue. The apples were picked 
on October 21st. (From Archbold, i, modified.) 

enlargement of cells, cell-wall material continues to be laid 
down, and the concentrations of carbohydrates and organic 
acids 2 in the flesh-tissue gradually increase (fig. 22). It will 
be observed that Archbold found that the concentration of 
acid in the Bramley’s seedling apple ^ reached its maximum by 

I See the annual reports published since 1919 by this board, 
hranzen and Helwert found considerable amounts of citric as well as 
malic acid m the variety of apple they analyzed. Succinic and lactic acids 
were also present in small amounts. They detected traces of oxalic acid, 
and obtained evidence of the presence of unsaturated acids, 

_ ^ It must be realized that this variety, even if picked from the same 
tree, w^ould not give exactly the same results in different seasons. Further, 
certain varieties of apple are more acid than 
others, ^.g. tire Bramley s seedling is more acid than the Newton Wonder. 
L,xperiments have shown that there are considerable varietal differences 
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the middle of Junej and then declined. Our knowledge of the 
origin of organic acids in plants is not yet definite. Bennet- 
Clark (16) as a result of his experimental studies on succulent 
plants, has advanced strong arguments in favour of the view 
that organic acids may be formed from sugars as well as from 
amino-acids (see p. 203), and that they may under certain 
conditions be re-converted into sugars, and under other condi- 
tions be oxidized to carbon dioxide and water. Possibly, 
tlierefore, in the early phases of the growth of the apple, 
acids are formed from sugar, and are later slowdy oxidized or 
re-converted into carbohydrates. 

Touching the fluctuation in the concentration of carbo- 
hydrates, we notice that Archbold found that the concentrations 
of monosaccharides and cane-sugar steadily increased during 
the growing period A and that the concentration of mono- 
saccharides was always greater than that of cane-sugar. It is 
an open question whether cane-sugar is translocated to the 
fruit, or whether it is synthesized in the fruit from mono- 
saccharides. Possibly, indeed, the monosaccharides found in 
the apple were formed as a result of the hydrolysis of cane-sugar 
which had migrated from the leaves or from storage-tissue. It 
is an interesting fact that the sugar concentration had by June 
become sufficiently high to induce starch formation (cf. p. 201). 
The reason for the subsequent gradual increase in the starch 
concentration is readily understood, but it is difficult to account 
for the fall which began in August and led to the disappearance 
of starch in October, while the sugar concentration was still 
rising. 

Before considering the changes that occur in the ripening of 


among apples in the proportions of the various carbohydrates and acids, 
and in tlie order and extent of change of concentration of these constituents. 
Experiments with apples have sho%vn very clearly that generalizations 
from the results of quantitative analyses of plant-tissues must be made 
with great' caution, owing to the complexity and variability of internal 
factors, and to the intricate nature of the interplay between these and 
certain external factors, 

^ Kidd, however, has reported that the concentration of cane-sugar 
may begin to decrease in July (see fig. 24, and cf. remarks on variability in 
the footnote on.p. 208). 
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an apple in the orchard or in a storage-chamber, we must call 
attention to the fact that apple tissue is continually absorbing 
oxygen and giving off carbon dioxide. Extensive investigations 
on the respiration of the apple have been performed by Kidd 
and West {80). They have found that the respiratory activity 
^mimshes rapidly during the early summer, and subsequently, 
during cell-enlargement, more slowly (fig. 23). Sooner or 
later, however, there is a sharp rise in respiratory activity. A 
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Fig. 23.— Changes in the r^piratory activity of the apple during 
growth, ripening, and senescenee. (From Kiddf/S.) ® 

new phase in the life of the apple has begun. They have 
described this phase as the climacteric. The enhanced respira- 
tory activity is accompanied by a sharp fall in the concentration 
of fructose (fig. 24), and Kidd {78) has suggested that fructose 
undergoes respiratory oxidation at this stage. There is some 
evidence that the onset of the climacteric may be determined 
by the 'pR of the cell-sap. Hence the rate of decline of the 
concentration of organic acids may be a significant factor. Certain 
recent experiments suggest that traces of ethylene may arise 
from metabolism at this stage, and experiments have shown 
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that this iiiisatiiratecl hydrocarbon .stimulates respiration. 
Great interest attaches to the onset of the climacteric, for 
metabolic events that lea^d to the production of odour and 
flavour are promoted, at this stage. Power and Chestnut (112) 
detected aeetaldeliyde, and the methyl, ethyl, and amyl esters 
of forniic, acetic, eaproic, and eaprylic acids, among the 
volatile products that developed during the ripening of certain 




Fkj. 24.™-Ch,anges in, the concentration of glucose, fructose, and 
cane-sugar, during growth, ripening, and senescence. (From 
Kidd, 75.) 

American apples (e.g., Ben Davies). They also obtained some 
e\^idellce of the presence of the terpene, geraniol, or its esters. 
The climacteric is followed by the phase of senescence. During 
this phase autoh^sis gradually sets in. Insoluble protopectiii is 
converted b}?" protopeetiiiase into soluble , pectin, and, with 
the disappearance of the middle lamella from cell-wails,- the 
flesh-tissue may become mealy. Fidler {44) found that ethyl 
alcohol and acetaldehyde steadily accumulate, and suggested 
that this phenomenon might be attributed to the progressive 
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retardation of oxidative processes.^ Thomas { 155 ) had earlier 
demonstrated that these substances accumulate when the 
flesli-tissue of an apple or a pear suffers injury. On the nf 
Kostytschew’s views concerning respiratory events (p. 282) he 
suggested that during autolysis the intricate co-ordination of 
enzymes m the respiratory centres of the protoplasm breaks 
down, while the zymase system still retains its activity He 
found that one hundred grams of apple tissue may at death 
contain more than 0-15 grams of alcohol. The apple belongs 
to the direct-oxidase group of plants, and consequently turns 

rown on injury (p. 37). During browning oxygen-uptake 
proceeds vigorously, and in consequence the apparent respira- 
tory quotient falls rapidly (p. 264). 

One of the chief objects of industrial research on the storage 
of fruits is to delay the onset of autolysis. Kidd and West have 
shown that this object may be achieved by artificially depressing 
respiratory activity. Gas-storage (see p. 148) is based on this 
principle. The use of carbon dioxide or of atmospheres poor 
in osygen depresses respiratory activity, retards ripening, and 
lengthens the storage life of a fleshy fruit. 

C. Special Biochemical Methods for Testing Hypotheses concerning 
Metabolic Sequences 

In order to assess the value of the various hypotheses con- 
cerning metabolic sequences put forward from purely chemical 
considerations, or developed from general physiological studies 
discussed in section B, experimental evidence 
should be collected by as many biochemical methods as can be 
put mto practice. Then judgment on the most probable 
sequence should be based on the cumulative evidence available 
In the following subsections we shall consider some of the 
available methods for testing a hypothesis that a substance B 
IS an intermediate in the conversion of a initial metabolite A 

durinf LTstnIr KWd f CO, -output declines 

eurve^e“rS®-i„^ff 03 SThc'* generalized 

diinmish--lDdPPH it ^ respiratory quotient does not 
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into a product C under the agency of protopjasmic or enzymic 
systems and . 

A ~>B >C - 

« . QmiUtmtive mmly His. Evidently B should accumulate if it 

is formed from A more rapidly than it is converted into C. 
Experiments sliould therefore be performed to discover whether 
B can. be detected in cells which are converting A into C. The 
finding of B would be consistent with the hypothesis that it is 
ai:i, intermediate nietabolitej but it would not afford definite 
proof, for it riiight originate during the course of some other 
reaction. The support given 'would be stronger were it shown 
that B is present in cells only under conditions which permit 
the conversion of A into C. Three examples must suffice : 

^ (a) the detection of fatty acids in cells in wffiich fats are being 

' converted into carbohydrates, or vice versa, is consistent with 

the hypothesis that the acids are intermediate metabolites in 
these conversions ; (b) the simultaneous occurrence of succinic, 
fumaric, and malic acids, in the fruit of the apple suggests that 
these acids are readily interconvertible ; (c) the fact that 
acetaldehyde has been detected among the products of fermenta- 
tion, and of the anaerobic respiration of higher plants, suggests 
that it might be the precursor of ethyl alcohol. 

Failure to detect B does not invalidate the hypothesis that 
‘ it is an intermediate bet\¥een A and C. Evidently it wmuld 

only have a transient existence w^ere it converted into € more 
rapidly than it is formed from A A For example, (a) the 
form.aldehyde~hypothesis of photosynthesis must not be 
rejected because this aldehyde, although searched for inten- 
sively, has never been detected in illuminated green leaves ; 
(b) we may still acquiesce in the view that acetaldehyde is an’ 
intermediate metabolite in the oxidative metabolism of carbo- 
hydrates, although this substance is normally absent from 

^ If the substance {e.g,, formaldehyde, acetaldehyde) is a poison this 
rapid removal is an advantage to plant-cells. ' , Under certain conditions 
. acetaldehyde .accumulates' in and poisons the flesh- tissue of the apple, 
pear, .medlar, etc. 
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plant-cells ; (c) the fact that maltose is absent from plant-cells 
does not exclude the possibility that it is formed during the 
hydrolysis of starch. If B does not normally accumulate 
use should, whenever possible, be made of the methods of 
fixation, differential inhibition of enzjTnes, and the separation 
of enzymes, in order to determine whether B has a transient 
existeiiee. 

Thcation methods. If a substance X, which can enter into 
chemical combination with B, is added to cells which are 
converting A into C, it wiU compete for B with the enzyme e , 
and some B may in consequence become fixed as BX. 


The detection of BX under these conditions, although supplying 
important evidence that B is an intermediate between A and C, 
would not afford rigid proof of this hypothesis, seeing that B 
might be the product of some other metabolic change (c/. 
remarks in the last subsection). 

Neuberg has successfully applied this method to test the 
hypothesis that pyruvic acid and acetaldehyde have a transient 
existence during the alcoholic fermentation of sugar by yeast. 
Calcium p;^vate accumulated when the fermentation was 
carried out in the presence of calcium carbonate. When sodium 
sulphite or dimedon i was added to the fermenting mixture, 
acetaldehyde was fixed (see Harden, 59). Acetaldehyde 
bisulphite was formed with the first-named fixing agent, and 
acetaldomedon with the other. Ethyl alcohol also accumulated. 
Neuberg concluded that some of the acetaldehyde escaped 
fixation, and was reduced by enzyme systems in the cell. 

in f dimethyl-c)/rfo-hexanedione. In solution 

nnnn^« a® gives rise to crystallizable addition-com- 

pounds termed aldomedons. As solids, they may be distinguished by their 
melting points. Acetaldomedon melts at 140 ° C., and formaldomedon at 








BIOCHEMICAL METHODS 


Neuberg* and' Gottschalk found that acetaldehyde bisulphite 
accumulated when sodium sulphite was added to ground pea- 
meal under anaerobic conditions, and concluded that acet- 
aldehyde W’as an intermediate metabolite in the anaerobic ' 
respiration, of peas. Klein and Pirschle sej^arated acetaldome- 
do,ii from plant -tissues which had been metabolizing in the 
presence of climedon under aerobic conditions. We may infer 
that acetaldehyde is an intermediate product of oxidative 
metabolism, and possibly an intermediate j)roduct in the 
respiratory oxidation of carbohydrates (see p. 284). Klein 
and Werner liave used the fixation method to test the form- 
aldehyde hj'pothesis of photosynthesis (see p. 245). 

The iMfferentiml. inMMiwn or activation of enzymes in Iwing cells* 
It is ■well known that the activity of enzymes may be influenced 
by altering the temperature, pH., or certain other factors, or 
by adding substances to the reaction medium. Evidently 
diflerentiai inhibition or activation of enzymes in living cells 
may lead to the accumulation of substances, which normally 
have only a transient existence. For instance, if w^e succeed 
in effecting the differential inhibition of or the differential 
activation of in the conversion of A into C, B wnuld tend 
to accumulate. 

This virtually is the m,ethod employed when hypotheses are 
tested by autolysis experiments (p. 46). The rates of linked 
enzyme actions are differentially altered during the course of 
the disorganization of cells, and substances not normally 
present may accumulate. For instance, the fact that maltose 
accumulates when amyliferous leaves or germinating seeds are 
slowly dried at moderate te,mperatures is consistent with the 
view that it is a normal but transient intermediate in the 
hydrolysis of starch (c/. pp. 30 and 228). Maitase may be 
more active than, diastase in the metabolism of healthy cells, 
and the reverse may hold during autolysis. 

The production of ethyl alcohol and acetaldehyde during the 
course of the autolysis of the senescent fiesh-tissue of apples 
stored in air (Fidier, M), or earlier in injured fruit (Thomas, 
IBB), has been ascribed to the differential inhibition of enzymes. 
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It has been suggested that the activity of the oxidation enzymes 
was more depressed than that of zymase (c/. p. 212). These 
results are consistent with the view that the intermediate 
products of zymase cleavage are oxidatively consumed in 
healthy cells (see Blackman’s schema, p. 286). 

Neuberg has ^ by this method tested his hypothesis that 
methyl -glyoxal is an intermediate product of zymase cleavage 
(p. 35). It appears that chloroform completely inhibits oxido- 
leductases, but does not prevent glycolase from acting on 
hexosephosphates,^ inasmuch as Neuberg and his co-workers 
have found that methyl-glyoxal accumulates when yeast or 
macerated green leaves are supplied with magnesium hexose- 
phosphate in the presence of chloroform. Similar results 
were obtained with alcohol-ether preparations from fresh 
leaves. 

Using the method of differential inhibition, Lundsgaard and 
Boysen- Jensen have independently obtained results which have 
raised doubts concerning the validity of the hypothesis that 
products of zymase cleavage are oxidized in aerobic respira- 
tion.2 They found that iodoacetates inhibit zymase cleavage 
by yeast and by the higher plants, while oxygen-uptake 
continues. 

The demonstration of the presence of specific enzymes in living 
cells. The demonstration of the presence in living cells of 
specific enzjmes and that can in vitro respectively convert 
A into B, and B into C, would afford strong support for the 
hy|)othesis that B is an intermediate metabolite in the conver- 
sion of A into C. There is no necessity to give illustrative 
examples here, for we have earlier (chap. Ill, section C) 
described the activities of some of the more important of the 
enzymes that have been separated from living cells. We also 
indicated possible sequences in zymase cleavage, the hydrolysis 
of proteins, starch, amygdalin, etc., which have been suggested 

^ Neuberg had to use a hexosephosphate, since chloroform also inhibits 
^ hexoses. The effect appears to be on co-zymase. 

^ ihomas has, however, by the method of dilTereiitial mhibitioii, 
"^see^p linkage of zymase cleavage and oxidation processes 
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as a result of the resolution of zymase, proteases, diastase, 
emulsin, and other enzymes, into components showing 
specificity. 

Feeding experiments. The demonstration of the simultaneous 
disappearance of B and appearance of C when B is fed to a 
tissue which can convert A to C, w^ould provide strong 
support to a hypothesis, advanced on the basis of other 
evidence, that B is an intermediate metabolite in this conversion. 

Much less value attaches to the evidence of feeding experiments 
unless the simultaneous disappearance of B and appearance 
of C are demonstrated ; for B might be changed into another 
substance D, let us say, and the production of C might be 
the result of some side -react ions induced by the addition 
of B to the tissue. It should be noted that if B does 
not disappear we cannot conclude that it is not produced 
in the conversion, since it might normally give rise to C 
by combining with another substance E, let us say, which, 
under natural conditions, is produced simultaneously and in 
commensurate amounts. Evidently unless E is also added in 
the feeding experiments, B w^ould not disappear. 

Feeding experiments have been performed at various times 
during the last forty years to test the formaldehyde hypo- 
thesis of photos 3 nnthesis (see Spoehr, 141, and Stiles, 144), 

Leafy shoots kept sometimes in the light and sometimes in the 
dark have been supplied with COg-free air containing form- 
aldehyde vapour, and at various times it has been asserted that 
the starch- and sugar-content and the dry-weight of such shoots 
w^ere greater than those of comparable samples wdiich had been 
kept in the absence of formaldehyde but under conditions 
otherwise identical. In some of the experiments measure- 
ments were made of the inhibitory effect of the formaldehyde | 

vapour on the respiration of the leaves, and corrections were i 

applied to meet the criticism that the higher carbohydrate f 

content and dry-weight of leaves supplied with formaldehyde i 

resulted from the retarding influence that formaldehyde 
exerted on the rate at which carbohydrates underwent respira- j 

tory oxidation. Most of the investigators have concluded that 
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green leaves can convert formaldehyde into carbohydrates.^ 
Bodnar {22 and 23) came to the same conclusion as a result of 
his more recent experiments on Tropoeolum majus. In addition 
to feeding living leaves with formaldehyde he made experiments 
on dried leaves, and reported that leaf -powder contains a 
thermo-labile system which can convert formaldehyde into 
reducing sugar. 

Feeding experiments have frequently been performed to test 
the hypothesis that products of zymase cleavage are oxidized in 
aerobic respiration (p. 280). So far no one has succeeded in 
showing by such experiments that ethyl alcohol is oxidized by 
plant-tissue.^ Kidd and Trout {157)^ however, have reported 
that acetaldehyde may, under aerobic conditions, be absorbed 
and consumed by various fruits orange, apple). 

Very interesting results have been obtained from feeding 
experiments performed on green leaves in the dark,^ We have 
no room here to discuss the reasons why the various experiments 
were performed, and shall have to be content with recording a 
few of the results, and with drawing possible conclusions. It 
has been shown that certain leaves which have been freed from 
starch can manufacture this substance in the dark when they 
are supplied with one of the following substances ^ : glucose, 
fructose, mannose, galactose, glycerol. Since starch is a 
glucosan, we may conclude that the formation of starch 
from fructose, mannose, and galactose, indicates that green 
leaves can effect intramolecular conversions within the carbo- 

^ It should be noted that formaldehyde undergoes photochemical 
oxidation and produces formic acid in air in the light. Accordingly it has 
been stated that the production of carbohydrates from formaldehyde 
by illuminated leaves is evidence for a formic acid hypothesis of photo- 
synthesis, rather than for a formaldehyde hypothesis. 

2 In one experiment a fraction of the ethyl alcohol supplied to a leafy 
shoot was esterified. This fact, obtained by biochemical experiment, 
supports the view that ethyl esters are produced by the combination of 
ethyl alcohol and organic acids. The fact that esterases, which can act 
synthetically, have been separated from plant-cells gives additional 
support to this View. 

® For the conclusions concerning protein synthesis drawn from feeding 
experiments see p, 202. 

^ This list is not exhaustive. For example, cane-sugar is readily con- 
verted into starch. It is not known whether this substance undergoes 
hydrolysis prior to the formation of starch. 
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hydrate group {cf. p. 183), Furthermore, these experimental 
results are consistent with the theory that soluble sugars are the 
I primary products of photosynthesis,. and that starch-formation 

occurs as a secondary process independently of the presence of 
^ light {cf. p. 201). ■ ■ ' 

* We note that the fact that plant-cells can convert glycerol . ( | 

into carbohydrates accords well with the view that glycerol is 
an intermediate metabolite in the conversion of fats into 
carbohydrates. This feeding experiment has provided direct 
^ evidence that there is a metabolizing system in protoplasm that 

" can effect this conversion. 

' Tlie producMon sequence. Views concerning the sequence of 
stages in metabolism may sometimes be tested by determining 
the order in which possible inteiinediates appear under experi- 
mental conditions. For example, W’eevers (see Stiles, 144) 

I lias investigated the problem of the first sugar formed in 

photosynthesis by determining the production sequence of 
carbohydrates during this process. Leaves of Pelargonium 
zonale were placed in the dark until they were free from starch, 
cane-sugar, and hexose sugars. The leaves "were then illumi- 
nated, and from time to time analyzed. Carbohydrates 
appeared in the following order: hexoses, cane-sugar,. starch. 

I Weavers concluded that hexoses are the precursors of cane- 

sugar. We cannot decide from this experiment whether the 
I starch is derived from the hexoses or from the cane-sugar. 

Chemical considerations would favour the view that it is formed 
by the condensation of glucose, but certain other recent experi- 
ments suggest that starch and cane-sugar may be readily 
interconvertible (see Onslow, 102^ chap. I). 

I The removal of one reactant of a reacting system. The 

^ Tlie necessary or critical concentration for starch-formation varies 
in different plants. In certain dicotyledonous leaves (e.g., .those of plants 
belonging to the Solanaceae and Leguminosae) the minimum concentration 
for starch-formation may be less than 0-5 gm. per 100 gm. of fresh-weight 
leaf. In many monocotyledonous leaves concentrations greater than 
15 per cent, must be present before starch-formation can be induced. 

Since tliese leaves do not normally form starch when they are illuminated, 
further evidence is afforded that starch -formation is only dependent on 
photosynthesis in so far as this process provides sugars for condensation. 




220 EXPERIMENTAL STUDY OF METABOLISM 

classical example of the application of this method is the 
comparison of the chemical events occurring in aerobic respira- 
tion with those occurring when oxygen is excluded from the 
reacting system. The results obtained from such experiments 
have led to the development of the hypothesis that products of 
zymase cleavage are oxidatively consumed in the presence of 
oxygen (see p. 280). 




y 






■ CHAPTER XIII 

CARBON ASSIMILATION OR THE PHOTOSYNTHESIS 
OF CARBOHYDRATES 

A. Experimental Methods 

€xeneml imnsMeratimis. Carbon assimilation or photo* 
syiitliesis consists in the production by illuminated chloro- 
plasts of liexose sugars from, carbon dioxide and water. Oxygen 
is formed as a by-product, 

' 6CO2 + = CgHjgOg -f 6O2. 

The carbon -dioxide passes into the green leaf tliroiigh the 
stomata (cliap, .X), and the water obtained from the soil 
reaches the leaf by way of the conducting parenchyma of root 
and leaf, and the vessels and tracheides of the xylem (chap. 
VIII). Oxygen passes out through the stomata. A fraction 
of the hexoses formed accumulates ; the remainder is variously 
metabolized without the intervention of further light-energy. 
0,ne part undergoes condensation to yield higher carbohy- 
d.rates {e,g., cane-sugar, starch) ; another part is used in the 
production of aromatic compounds, proteins, and other com- 
pounds ; a.nd all the while some of the carbohydrates, and 
possibly other compounds, undergo respiratory oxidation, 
Fiirtliermore, material is lost to green leaves by the transloca- 
tion ill the phloem of certa.in crystalloidal metabolites such as- 
cane-sugar, hexoses, asparagine, and amino-acids, to other 
metabolizing tissues in the shoot or root. 

By ; synthesizing organic compounds, leaves increase their 
carbon-content, dry-weight, and energy-content. These in- 
creases are opposed bjr respiration in detached leaves under 
experimental conditions, and by translocation as. well as by 
respiration in attached leaves. 
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The methods used in studying photosynthesis, some of which 
are outlined below, consist essentially in the measurement 
either of the gaseous exchange or of the accumulation of 
organic compounds associated with the process, due allowance 

always being made for respiration and translocation. 

Tite measurement of CO^-uptake. In order to show that 
green leaves respire and that, when illuminated, they absorb 
tte carbon dioxide produced in respiration, COg-free air should 
be simultaneously passed over comparable samples of illumi- 
nated and darkened green leaves, and then through lime-water 
(see p. 254 for details i). The gas issuing from the darkened 
leaves will turn lime-water milky, but no calcium carbonate 
win be formed by the gas issuing from well-illuminated leaves 

Ihe amount of carbon dioxide absorbed from a gas-mixture 
of known composition is also readily determined.^ The 
principle of a method which is frequently used can be 
illustrated by finding out what is the average amount of carbon 
dioxide absorbed from ordinary air in one hour of a summer’s 
day by a given sample of leaves. In this experiment equal 
volumes of air are simultaneously passed for a period 
(a) over the green leaves exposed to light and then through a • 
solution of baryta, and (b) directly into an equal volume of the 
same solution of baryta as that used in (a). If the soda-lime 
tube for freemg the air from carbon dioxide is omitted, the 
aparatus for measuring respiration, described on p. 254, and 
illustrated in fig. 29, may be used. At the end of a given 

measuring photos:^th21f w JaL 
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period, both of the baryta solutions should be titrated against 
standard hydrochloric acid. The average apparent assimila- 
tion per hour the COg-uptake) by the sample under the 
conditions of the experiment may be calculated from the 
difference between the two titrations. To evaluate the real 
assimilation, a correction for the average hourly respiration of 
the same leaves at the same temperature must be applied. The 
clianiber , eontaiiii,iig the leaves should be placed in the dark 
and the respiration of the leavers measured (p, 254). The real 
assirnilatioii is then obtained by adding together the value 
of tlie COs-iiptake (i.c., the apparent assimilation), and the 
amount of carbon dioxide produced in respiration. 

The results may be expressed in a variety of w^ays. The 
carbon dioxide a,bsorbed in unit time (usually one hour) may 
be given in cubic centimetres or in grammes ; the temperature 
is always recorded in degrees centigrade ; the light-intensity is 
sometimes given absolutely as metre-candles (lux units), 
but statements of relative intensities are often sufficient. The 
percentage of carbon dioxide in the gas-mixture surrounding 
the plant during the course of the experiment should also be 
noted. "According to the purpose in view, photosynthesis is 
referred to area of leaf-surface, or to the fresh-weight or the 
dry-weight of leaves. The experiments are beset with diffi- 
culties, as all these magnitudes may change during the course 
of an experiment. Critical discussion would, however, take us 
too far. 

The measurement 0 / oxygen^utput* The output of oxygen 
by green leaves in a closed glass vessel exposed to light may be 
followed by gas-analysis with Haldane’s apparatus (p. 258). 
Oxygen-output, however, is usually demonstrated by collecting 
and testing the gas which bubbles from cut surfaces of illumi- 
nated green shoots of water-plants Canadian water-weed 
(Elodea canadensis ) ), The gas given off is not pure oxygen, 
but is much richer than air in oxygen. The reason for the', 
bubbling during photosynthesis ' is that oxygen is much less 
soluble than carbon dioxide in water. The oxygen goes out of 
solution and into the intercellular spaces as a gas, and increases 
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the gas-pressure in these spaces. Consequently the air, enriched 
in oxygen, escapes in the foi’in of bubbles from cut surfaces. 

The rate of bubbling may be used as a measure of the relative 
rate of photosynthesis under different external conditions. The 
COg-suppIy is conveniently varied by using solutions of sodium 
bicarbonate of different strengths. This compound by ionic 
dissociation finally provides carbon dioxide for photosynthesis. 
Light-intensity and temperature may also be altered. The 
same piece of shoot must be used for a set of comparative 
experiments, and arrangements must be made for the discharge 
of bubbles of a uniform size. For research purposes special 
bubblers have been designed, but for class-experiments it is 
sufficient to cover the cut surface of the shoot with gelatine, 
and then to pierce the covering with a needle. Care must also 
be taken that the shoot always presents the same surface to- 
wards the light source. 

In certain important researches the oxygen-output of 
illuminated leaves has been measured by what may be called 
the palladium-method. The leaves were initially surrounded 
with a gas-mixture of hydrogen and carbon dioxide. After a 
period of illumination the surrounding gas, which would then 
also contain oxygen, was passed over a palladium surface, on 
which all the oxygen and some of the hydrogen combined to 
give water. From the resulting reduction in volume, which 
was measured eudiometrically, the oxygen-output was cal- 
culated. 

Of the other methods which have been used for detecting the 
evolution of oxygen, two delicate bacterial methods may be 
mentioned. In one, the fact that luminous bacteria are 
luminous only in the presence of oxygen has been exploited. 
In the other, which has been more frequently used, motile 
bacteria, such as Bacillus termo, are enclosed with green tissue 
in water under a 'sealed coverslip. In the absence of oxygen 
these bacteria do not move, but begin to do so in the presence 
of a mere trace of oxygen. 

The measurement of dry^weight increase* . It follows from 
the equation given at the beginning of this section that the 
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dry-weight of plants iixereases by 180 grammes, when hexoses 
are photosyntliesized from 264 grammes of carbon dioxide and 
108 grammes oi water. It has been calculated that over 90 per 
cent, of the dry-weight of plants is due to photosynthesis. 
Satdis s hall-IciiJ method of measuring photosynthesis is based 
on tills fact. All hough this method is not now used in exact 
exjicrinicnts it instructively illustrates important functions of 
green leaves, and thus merits mention. 

.Vt the beginning ol a, period of illumination, the dry-weight 
IS determined of a definite area cut out from the half-blade on 
one side of the midrib of each leaf in a sample. Each leaf 
selected should have similar venation on the two sides of the 
inidiib. Ihen at the end ol the period the dry-weight is 
determined of an equal area of the same shape removed from 
a similar position on the other half-blade of the leaf. Let 
Wj, represent the average dry-weight of the areas removed at 
the beginning and that of the areas removed at the end of 
the experiment. Then (w^ — measures the amount of sub- 
stance that has accumulated in these areas during the period. 
But substances have throughout been removed from these 
areas by respiration and translocation.^ The average amount 
removed is measured by using the half-leaf method at the same 
temperature with another sample of leaves, and determining 
the average loss in dry-weight during an equal period 

m the dark. Clearly, on the average, the amount of drv 
matter formed by photosynthesis in the area used during the 
period of illumination would be This is 

usually exiM-essed in grammes increase of dry-weight in unit 
time per unit area of leaf-surface. 

To obtain reliable results large samples must be used ; even 
so, there are many sources of error. For example, it has been 
shown that, owing to changes in their water-content, leaves may 
significantly alter in area during periods of illumination and 


general grounds it has been shown by the 
half-le.it method ttat the increase in dry-weight of areas from detached 
feaves is greater than that of areas from attached leaves. In the former 
as translocation 
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darkening. Hence the number of photosynthesizing cells in a 
given area of leaf may fluctuate during the course of a day. This 
introduces grave errors, seeing that what we really require to 
know in our quantitative experiments is the change in the dry- 
weight of a given number of comparable mesophyll-cells over a 
definite period in the light and in the dark. For a given 
area it has been shown that even after allowing for respira- 
tion and translocation, the dry- weight increase, as found by 
the half-leaf method, is rarely what would be expected from 
the amount of carbon dioxide absorbed during the same period. 

The measurement of the increase in energ^-Hiontent* The 
increase in the dry matter and in the energy-content of green 
leaves during photosynthesis have been simultaneously deter- 
mined by the half-leaf method. It appears that for every 
gram of substance accumulating in leaves during photo- 
synthesis, 4-5 Kilogram-Calories of energy are fixed. This 
figure represents the difference between the heats of com- 
bustion of the residues, of weights ^2 

section), which are obtained in the dry-weight determinations. 

Table X. Heats of combustion of 1 gm. of various metabolites 

in Kg,-Cals 

Glucose . . . 3-79 Leucine (an amino-acid) 6-5 

Cane-sugar . . 3*99 V it ellin (a protein) . 5*7 

Starch . . . 4*1 Linseed oil . . 9*47 

Cellulose . . .4*2 Simple benzene com- 
pounds . . 10 


It is clear from the data given in table X, that values for 
energy-fixation greater than 4*2 Kg.-Cals per gm, dry-weight 
indicate that substances other than carbohydrates, and 
possessing a higher calorific value per gm. dry-weight, must 
accumulate in leaves during photosynthesis. It should be 
noted that none of these substances is a direct product of 
photosynthesis. Nevertheless each secondary product derives 
all its energy from the solar radiation absorbed in photo- 
synthesis. The solar energy fixed, however, is entirely trans- 
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formctl into the potential energy bound within the molecules of 
the licxoscs that are produced. These hexoses are then vari- 
ous!}^ changed ; a fraction is condensed to higher carbohydrates, 
a (diaiige involving a slight increase in energy-content per gram 
(sec table X) ; and other fractions take part in the production of 
proteins, li])oids, benzene eonipounds, and other substances 
possessing a higher energy-content per gram than that of the 
hexffst* from %vhi(*li they are derived. It is supposed that this 
extra eiierg}’- comes from the chemical energy set fi*ee by the 
nispiratmy oxidation of yet another fraction of the hexoses 
fornic^d by phof.osviithesis. If it does, all the chemical energy 
liouiid ill grtHiii leaves is derived either directly or indirectly 
from, the sun’s rays. It should be noted that, owing to the 
coiitiiiuous res|.)iratoFy oxidation of organic coinpou.nds during 
a period of illumination, the total amount of energy in a leaf 
at the end of such a period is less than the amount of energy 
that is a^ctiially fixed by the photosynthesis, of hexose during 
that period, f.e,, the energy-fixation equivalent of apparent 
assimilation is less than that of real assimilation. 

Experiments have shown that only one per cent, of the total 
light-energy incident upon green leaves is used in photo- 
synthesis, The remainder is reflected from the leaf-surface or 
transmitted through the leaf or changed into heat. The 
temperature of an insolated leaf may become higher than that 
of the air, but sooner or later the extra hea/t is either absorbed in 
tniiispi ration as the latent-heat of evaporation of water, or 
rt ‘-radiated into the air. Attempts have been and are still being 
made l;o jiiflgc the cllicienc*y of chloroplasts in using the one per 
cent:, of the incident light-energy that they absorb. The 
|)liotosyuthetic‘ efliciency of a tissue is defined as the ratio of the 
I igfjt- energy absorbed in unit time by the chloroplasts. to the 
amount of energy fixed per unit time.^ Experimental results 
suggest that although very little of the incident light is absorbed 
by the chloroplasts, much of that which is absorbed may be 
used.in pliotosyiithesis, i.e,, the efficiency may approach unity. 


, ^ J.e., ehanged into the chemical energy of the organic products of 
photosynthesis. . 
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The rmasurement of increases in fhe amounts of carbohydrates. 
Theoretically, photosynthesis might be measured by deter- 
mining the rate of production of any organic substance that 
accumulates at a rate proportional to that of COg-uptake ; but 
actually, little attention has been given to substances other 
than carbohydrates. 

It is not difficult to show (a) that glucose, fructose, and cane- 
sugar are generally present in green leaves, and that the total 
concentration of sugars increases during a period of illumina- 
tion ; and (b) that starch simultaneously accumulates in the 
assimilatory cells of many plants. In some species, however, 
particularly among the Liliaeece and AmarylUdacece, starch is 
never found in green cells. 

{a) The estimation of sugars.^ Sugars may be extracted 
from fresh leaves by plunging the leaves into boiling alcohol.^ 
The alcoholic solution is evaporated to dryness, and the residue 
taken up in tepid water. Next, the glycosides, amino-acids, 
and certain aromatic substances, are precipitated by adding 
basic lead acetate to the aqueous extract. A solution of 
sugars, fairly free from other organic impurities, is obtained by 
filtration. Any excess of the lead salts is removed by precipita- 
tion with hydrogen sulphide. The lead sulphide is filtered off, 
and the excess hydrogen sulphide removed by aeration. The 
total amount of reducing sugars is ascertained by titrating part 
of the final solution with Fehling’s solution, or by some other 
volumetric method. To another part sufficient citric-acid 
crystals are added to give a 10 per cent. solution,and the mixture 
is boiled for ten minutes. The cane-sugar is thus completely 
hydrolyzed to glucose and fructose. This solution, which will 
contain the original reducing sugars and those formed by the • 

and Ruhfanfind Wolf estimation of sugars see Haas and Hill ( 53 ) 

• supplants an older method in which leaves were dried in warm 

air before extracting the sugars. It was found thatTwrng to the pSsS^^^^ 

to place during drying, Ld cha^otuf 

111 xxie relative amounts or various carbohydrates. Thus whiVK « 

oTdrtr""on"’^s^^^^^^ " - .dryj™ iTth: a^o^ 

diately inactivates 5 * Plunging into boiling aicohol imnie- 

SvCnd fi '‘counts of carbohydrate.s 

nnally found are the same as those which exist in the fresh leaves. 
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hydrolysis of cane-sugar, is neutralized with sodium carbonate. 
The total amount of reducing sugars present in this solution 
IS then determined volumetrically. The amount of cane-sugar 
present in the original extract from leaves may be calculated 
from the increase in reducing power brought about by 
hydrolysis with citric acid. 

Polarimetric measurements of the optical rotations of the 
original and final solutions may also be made, and from these 
measurements and the figures for total reducing sugars it is 
possible to calculate the distribution in the original extract of 
fructose, a liEvo-rotatory substance, and glucose, a dextro- 
rotatory substance. 

{b) The estimation of starch. During the extraction of 
sugars, any starch that has been produced in photosynthesis 
remains in that fraction of the leaf-residue which is insoluble 
m alcohol. Theoretically, the starch present in this“sugar-free 
residue may be estimated by determining the amount of reduc- 
ing sugars formed ’-.on hydrolysis. Takadiastase, a special 
form of diastase pre^cr^ from the mycelium of A spergil lus 
™ several researches. This enzyme 
converts starch into a mixture of maltose and glucose.' ‘ Xcid 
hydrolysis has also been used. ’■ With this method, however, 
error may arise through the cleavage of other polysaccharides’ 
such as the pentosans, and corrections must be made. 

Starch is the most easily detected of all the substances which 
may accumulate during photosynthesis. Thus individual 
starch-grains, stained deep blue, are seen in the ehloroplasts of 
sections of green starch-forming leaves mounted in chloral- 
hydrate-iodine (Schimper’s solution). The presence of starch 
m whole leaves is detected by the blue colour given when 
leaves, which have been decolourized by placing them first in 
boiling water and then in ethyl alcohol, are treated with a 
solution of iodine in potassium iodide. 

For class-work, these methods, being simple, may be used to 
ascertain the necessary conditions for photosynthesis, and as a 
measure of the rate of this process. For example, let us suppose 
that clover-plants, the leaves of which have oreviouslv been 
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shown to contain starch, are placed in the dark until most of 
the leaves have become starch-free as a result of hydrolysis and 
of other processes which are discussed elsewhere (p, 201). The 
plants may then be placed in the light in the absence of carbon 
dioxide, or in various conjunctions of air and carbon dioxide, 
or in ordinary air under the same illumination but at different 
temperatures, or in ordinary air at the same temperatures 
but under different illuminations. After equal periods under 
different experimental conditions, large samples of leaves are 
taken from each plant. The leaves are first decolourized, and 
then placed in iodine. The relative amount of starch which 
has been formed in each leaf is then judged by the intensity 
of blue given. For example, leaves may be classified as 
giving no reaction, medium reaction, strong reaction, and 
very strong reaction. For any one set of conditions it will 
be found that variation usually occurs for a single plant. The 
most frequently occurring reaction should be taken as repre- 
senting the amount of starch formed in that plant during the 
experiment. 

B. The Photosynthetic Reacting System 

The necessary factors. It can readily be shown by the 
methods described in the last section what external factors 
must be operative before photosynthesis will take place in a 
given green plant. Thus for starch-formation, or for the pro- 
duction of bubbles by submerged shoots, there must be a 
.supply of carbon dioxide, a suitable temperature,^ and light of 
the requisite wave-length. Dry leaves do not photosynthesize, 
but this does not prove that water enters into chemical com- 
bination during photosynthesis, since water is also essential for 
the maintenance of protoplasmic activity. No one, however, 
questions the view that water does actually combine with 
carbon dioxide to form carbohydrates (p. 221). 

^ Photosynthesis ceases at temperatures considerably less than 50° C. 

The deceleration and stoppage of physiological processes at temperatures 
greater than the so-called optimum are discussed on p. 270. The ^ 

remarks made there are, in general, also applicable to photosynthesis. 
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Towards the end of the eighteenth century it was established 
that only green organs can absorb carbon dioxide and give 
off oxygen. Much later it was shown that non-green tissues, 
even when they are illuminated, cannot produce carbohydrates 
from carbon dioxide and water. Thus starch is produced only 
in the green cells of illuminated variegated leaves. There is 
strong evideirce that this power of photos 5 mthesis, which is 
uniquely possessed by green cells, resides in the chloroplasts, 
and only in these structural units of green living cells. Thus 
the starch that accumulates in green cells during photosynthesis 
is always confined to the chloroplasts. And it has been shown 
by the motile-bacteria method that only the spiral chloro- 
plasts of illuminated filaments of Spirogyra give off oxygen. 
Several investigators have reported that phenomena attri- 
butable to photosynthesis occurred when non-nucleated frag- 
ments of protoplasm containing chloroplasts were floated in a 
solution of carbon dioxide and exposed to light, but it has not 
yet been established that chloroplasts can act alone. Modern 
methods of micro-dissection have not yet been applied to re- 
investigate the important problem of what is the least structural 
unit in green cells which can effect photosynthesis. Chemical 
and physiological methods have, however, advanced our know- 
ledge of the internal factors that are operative in whatever this 
structural unit may be. 

The chloroplast pigments. According to Willstatter and 
Stoll, f our pigments a re universally present ; two of these, 

g^®^~®®3^tlielioivgreen 
pigments , car otin is orange^ coloured and’xanth^K^IIs yellow.^ 
The relative amounts of these'pigmentslnliormai ^een leaves 
of different species of land plants do not vary greatly. Weight 
for weight, th e green pigments are about ten times as abunda nt 
the yellow, and in molar proportions the ratio amount of 
'.n » chlorophyll aj amoun t of c hlorophyll b is 3/1, and the ratio 

aliidunt of xanth ophy li/ a mount of carotin is 1-^1. In^old- 
varieties of plants, however, such as those of thi3m; 

. n \ ,:Jl oak, the concentration of the yellow pigments exceeds 

^ For the chemistry of these plastid pigments, see Appendix I. 
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green, Willstatter and Stoll considered that all these 
pigments are colloidally dispersed in the protoplasmic basis of 

the cMoropIasts. 

In recent years Lubimenko (see Priestley, ii5) has com- 

pared, by means of a micro-spectroscope, the absorption 
spectrum of a green leaf with that of each of the coloured 
products that can be separated from the leaf, and has con- 
cluded that the pigments investigated by Willstatter and Stoll 
do not exist in the free state in the ehloroplast, but result from 
the decomposition of chlorophyll in 80 per cent, acetone (the 
pigment-solvent used by these authors). Xubiihenko reported 
that he prepared from autolyzing aspidistra leaves a colloidal 
solution of a green chromoprotein, which possessed the same 
absorption-spectrum as the green leaves themselves, and could 
be cleaved in a number of ways into a colourless protein and 
pigmented substances. Lubimenko, therefore, concluded that 
true chlorophyll IS a eoniugate-protein. He attributed certain 
(«■£•> of absorption-spectra) which have been 
obseiwed for leaves to variation in the protein component of 
the chromoprotem, true chlorophyll. 

The colouring ma,tter of chloroplasts, whether this be a 
specific chromoprotein or a mixture of green and yellow mo- 
ments, IS associated in chloroplasts with a colourless cvto- 
plasmic stroma. Rom ^^ervations; Zirkle 

‘^cuolated pproul stru'^res 
®^Si«L2j^L^ourIess_cyto^sm and that the coining 
matter is ff^^JbSilibukd. in dispersion in the 

Certair;ife~oBse7vers 

^g^dt^^he pignen^Hgi:g!^i!o 

explanation of the fact that photo- 

l2 I ^=he absorption of 

I ght-energy for the conversion of carbon dioxide and water 
into carbohydrates is dependent o n the p resence of thp phfovA 

^^®°Wtion-spectra of chloro“^ll a 
orop y (fig_ 25) show the deepest bands in that 
range of wave-length of light (650-700 pp) in which photo- 
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synthesis proceeds fastest,^ we may infer that the gre 
ments are chiefly responsjWe for absorbing thejight- 
used in photosynthesis. Instructive experiments ir 


Fig. 25.— The absorption-spectra of five different concentrations 
of solutions of chlorophyll a (upper figure) and chlorophyll 6 
(lower figure), (From Willstatter and Stoll.) 

performed by placing green shoots in donble-walled bell-jars 
containing coloured solutions, and judging the rate of photo- 

^ It should be noted that light within this range is not absorbed by the 
non-gieen plastid pigments, carotin and xanthophyll (see fig. 26). 
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synthesis by the starch-formation-, bubbling-, or some other 
method. The results obtained by recent investigators appear 
to be in general agreement with Reinke’s (fig. 27). In recent 
researches, colour-filters such as are used in photography 
have proved of service in the determination of the photosyn- 
thetic efficiency of different wave-lengths of light. Briggs (28), 
who employed Wratten gelatin filters in his experimental 
determinations by means of the palladium method of the rates 
of photosynthesis in yellow-red (•'570—640 green (510—560 
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Fig. 26 . The absorption-spectra of solutions of carotin (upper ^ 
figure) and xanthophyll (lower figure). ^ 

and blue (430-510 /xp) light, took the number of cubic centi- 
metres of oxygen produced per 500 calories of incident light- 
energy as a relative measure of the efficiencies of the different 
ranges of wave-length, and found that there is a “ decrease of 
efficiency per incident energy in passing from the red to the 
blue end of the spectrum.” 

or enzymic factors. It is very important to 
that photosynthesis is not wholly governed by 
the colloidally dispersed pigments. The cytoplasmic basis 
of the chloroplast plays some essential part in the process. 

has as yet succeeded in effecting photosynthesis 
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in vitro under the agency of the free pigments separated 
from the chloroplasts. Experiments have been made with 
pigments dissolved in oil ; Willstatter used pigments colloidally 
dispersed in water saturated with carbon dioxide ; and Lubi- 
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Fig. 27. — ^The rate of assimilation, as determined by the rate of 
evolution of gas-bubbles, compared with the absorption 
spectrum of a living leaf. (After Reinke.i) 

menko made the attempt with the chromoprotein he separated 
from the leaves of aspidistra. 

Further evidence that photosynthesis is not a simple photo- 
chemical reaction between chloroplast pigments, carbon 
dioxide, and water, has been gathered from experiments in 
which the process was retarded or even completely inhibited 
by modes of treatment that are supposed not to affect the 
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pigments. Both Willstatter and Spoehr have reported that 
photosynthesis stops in leaves which have been completely 
deprived of oxygen. Possibly the energy from aerobic respira- 
tion is essential in addition to light-energy ; but it should be 
noted that the presence of a trace of oxygen allows photo- 
synthesis to proceed. There is evidence, however, that some 
non-pigmented protoplasmic system other than the respiratory 
system plays a part in photosynthesis. Thus it has been 
shown that photosynthesis ceases at temperatures between 
40“-50° C., before respiration is completely inhibited, and that 
it is more readily narcotized than respiration by weak solutions 
of ether, phenyl urethane, potassium cyanide, etc. Since, after 
such forms of treatment, the ehloroplast pigments remain 
imaltered, it follows that there is a thermo-labile, narcotic- 
sensitive component of the photosynthesizing system, which 
can be put out of action before respiration fails. 

The investigations of G. E. Briggs (26 and 27 ), which 
extended the earlier work of Miss Irving, have provided the 
most convincing evidence for theexlslien^ of a non-pigmented 
internal factor. He found that the first assimilating leaves of 
certain seedlings, such as those of the runner-bean IPkaseolus 
vulgaris, var. multiflorus), and of other plants in which the first 
assimilating leaves had not previously been storage cotyledons, 
turned green some time before photosynthesis began. He 
attributed this lag to the slower development of the necessary 
protoplasmic factor. He performed critical experiments on 
the first leaves of runner-bean seedlings by the palladium 
method, and, exploiting the well-established facts that chloro- 
phyll does not develop under any conditions in the absence of 
oxygen, or in the absence of light, succeeded in measuring 
photosynthetic activity from day to day in a pale green leaf in 
which the amount of chlorophyll remained constant. He 
measured the rate of photosynthesis by determining the 
oxygen-output of the leaves when illuminated by a light- 
source of constant intensity, and placed in gas-mixtures of 
hydrogen and carbon dioxide, i.e., chlorophyll development 
was inhibited by the absence of appreciable quantities of 




PROTOPLASMIC FACTORS 237 


oxygen. Between the experiments, the leaves were placed in 
air in the dark, ix^ chlorophyll development was inhibited by 
the absence of light. Briggs found that for a given leaf under 
defined external conditions of temperature, light-intensity, and 
C 02 -concentration 5 the photosynthetic power increased from 
day to day. Since the amount of chlorophyll remained the same, 
he inferred that this increase was due to the development of a 
necessary protoplasmic factor. He also measured respiration 
and concluded that the increase in oxygen-output was con- 
siderably greater than could be accounted for by diminished 
respiratory activity in ageing leaves. 

Willstatter and Stoll argued from the results of some of their 
experiments that the rate of photosynthesis is governed by an 
enzymic factor as well as by the amount of chlorophyll. En- 
deavouring at the outset to relate the rate of photosynthesis 
under favourable external conditions to the concentration of 
chlorophyll, they obtained assimilation-numbers {ix* the ratio, 
rate of C02“absorption/chlorophyll content in unit mass of 
leaf), {a) for different species of plants, {h) for golden-leaved 
and green-leaved varieties of the same species, and (c) for leaves 
of the same variety at different stages of development. The 
general conclusions arrived at, however, were that photo- 
synthetic activity is usually not proportional to the amount 
of chlorophyll, and is governed by enzymic as well as by pig- 
ment factors . Thus, for certain developing 
found that whereas the rate of photosynthesis increased with 
greening, the assimilation-number the rate of photo- 
synthesis per unit mass of chlorophyll) de^^^ Green 
and golden varieties of elm) were also compared. The 
rate of photosynthesis of green leaves was always greater than 
that of the golden leaves, but the assimilation-numbers for the 
former were much less than for the latter. Stiles {144) and 
Spoehr (1^0 have summarized this work, and Briggs (2d) 
has developed important arguments from some of the experi- 
mental: results. . 

Future work may show that this protoplasmic or enzymic 
factor can be resolved into several components. We akeady 
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possess some evidence that carbohydrates are not produced 
from carbon dioxide and water by a single photochemical 
change. F. F. Blackman showed that when photosynthesis 
is proceeding relatively rapidly in well-illuminated leaves, 
is always greater than 2.i He therefore suggested that in 
addition to at least one photochemical stage in photosynthesis 
there must be at least one ordinary chemical stage. This so-called 
dark stage he attributed to the activity of a protoplasmic factor. 
Briggs later argued from his own experimental results that the 
developing protoplasmic factor in runner-bean seedlings plays a 
part both in the photochemical and in the dark chemical stages 
of photosynthesis. 

Nothing definite is known about the nature of the light and 
dark reactions. Willstatter postulated a dark chemical reaction 
between chlorophyll and carbonic acid (see section D), but 
there is little evidence for this. It has also been suggested that 
the components of the stroma (proteins, lipoids, etc.) may 
combine with carbon dioxide or with intermediate products of 
the reaction. Another view is that chloroplasts merely provide 
the reactive surfaces on which carbon dioxide and water, and 
possible intermediate products, are changed to sugars by light 
and dark reactions. Briggs (27) some years ago suggested 
that the light-energy absorbed by chlorophyll activates 
the reactive pigmented surface of chloroplasts, and also the 
reacting molecules of carbon dioxide and water adsorbed on 
that surface. He supposed that this reversible activation 
constitutes one phase of the photochemical stage, and that the 
fate of the activated molecules of carbon dioxide and water is 
determined by the protoplasmic factor that controls the dark 
chemical stage. 

It should be noted, however, that he (Briggs, 29) has 


' The temperature-coefficient of a chemical reaction or of a physical 
® reaction or process at a given temperature 
t?® process at a temperature 10° C. lower. The symbol Q,„ 
chTrf to represent this coefficient. For instance' if for any 

15° C® 4 mavft 0 temTf tune IS obtained at 5° C., and 2® per unit time at 
for nnr^v that forthis change = 2. It is well established that 

tor purely pnotochemical reactions is usually less than 14 but that for 
ordmary chemical reactions is at least 2. ’ 
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recently formulated and discussed more precise schemata in the 
light of experimental results obtained by IVarburg and others 
on the inhibition of photosynthesis by cyanides, and by him- 
self and others, on induction phases in photosynthesis of green 
cells which are exposed to light after being kept in the dark ^ 
(see also p. 248), 

C. The Rate of Photosynthesis 

The most accurate determinations of the rate of photo- 
synthesis have been made by measuring CO^-absorptipn or 
oxygen-output. Instructive laboratory experiments may, 
however, be performed on the rate of bubbling from submerged 
cut shoots, or on the rate of starch-formation. Experimental 
results indicate that the rate may be governed by internal 
factors, viz. the amount, and possibly the distribution, of 
chloroplast pigments, and the activity of the protoplasmic 
factor. Under constant external conditions of COg-concentra- 
tion, light-intensity, and temperature, the rate may alter in a 
given leaf during development. Differences of rate per unit 
area may be expected for different leaves of a given species, 
and wide differences for leaves of different species. 

One of the major problems in plant physiology during the 
present century has been to determine how the rate of photo- 
synthesis is governed by the external factors, COa-concentration, 
light-intensity, and temperature. A few general statements 
will be made by way of introduction to other books and papers 
(Barton- Wright ii, Briggs 26 and 27, Spoehr 140, Stiles 144), 
in which it is related how an erroneous but fruitful 
hypothesis, viz, that of separate and independent governing 
factois, guided critical researches for nearly twenty years, and 
led to the present formulation of the problem in other terms. 

^ Osterhout and Haas ( 1918 ) reported that although photosynthesis 
began at once when the marine alga Ulva was exposed to light after 
spending a period in the dark, the rate steadly increased until a constant 
® attained. Briggs found by the palladium method that induction 
:^iases in photosynthesis were passed through by the leaves of the moss 
Mmum tmdulatuyn and by various leaves of Angiosperms when they were 
darkness. The rate ofphotosynthesis,^hSh 
was at first relatively low, rose until a steady value was reached. 
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If photosynthesis is a complex anabolic event comprised of 
linked light and dark biochemical reactions, the rate of the whole 
process will at any time be limited by the rate of the slowest 
constituent reaction. For example, if a series of dark reactions 
follows a series of light reactions, the rate would be limited 
either by the rate at which the photochemical product (the 
nature of which is quite unknown) is formed by the chloroplast, 
or by the rate at which this product is further metabolized by 
the protoplasmic factor in the chloroplast.^ 

It is now well established that the rate at which the photo- 
chemical reaction proceeds in a given leaf is governed by the 
concentration of carbon dioxide at the chloroplast surfaces, and 
by the light-energy incident upon these surfaces. The CO^- 
concentration, and the light-intensity, although separate 
external factors, are not independent factors as was at one time 
thought. The inter-relation between these factors is shown in 
graphs in which the rates of photosynthesis in a given leaf kept 
at constant temperature but under varying light-intensities are 
plotted against the COg-concentration. We see that in the 
experiments, which gave the results represented as curves in 
fig. 28, the rate of photosynthesis was always increased either 
by increasing the external concentration of carbon dioxide or 
by increasing the light-intensity. Neither COa-concentration 
nor light-intensity was in itself a limiting factor, but each waSy 
in a sense, a deficient factor. It should be noticed that the 
curves as drawn in fig. 28 gradually flatten as they rise. This 
representation indicates that as the COg-concentmtion was , 
increased, light-intensity gradually replaced it as the factor 
which was in relative minimum, B.nd that there was no sudden 
substitution of one limiting factor for another. ^ 

1 In certain important investigations (James, 73, Maskell, 92) on the 
relation between the rate of photosynthesis and the external concentration 
of carbon dioxide, special consideration has been given to the rate of diffusion 
of carbon dioxide from the environment to the chloroplast, as an operative 
factor. The diffusion phase in photosynthesis has been already discussed 
(chap, X), and it must suffice here to state that the rates of the anabolic 
events will obviously depend upon the rate at which one of the essentia! 
components is supplied. For instance, the rate of photosynthesis in the 
leaf of a land-plant niay be reduced by the narrowing of stomatal apertures. 

* Cf. the earlier view that the rate of photosynthesis at any instant is 
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We do not know how light-energy and carbon dioxide 
inter-related, Briggs postulated the 'reversible light-activation 
of carbon dioxide as a necessary first step in photosynthesis 
(p. 238). This would mean that it is the number of light-activated 
molecules of carbon dioxide which, in the first place, determines 
the rate at which photosynthesis will proceed. This number 
would be a function of the available light-energy as well as of 
the C02“Concentration. 


18.000 M.C 


6.000 M.C. 


„ 2.000 M.C 


The rate of the dark chemical phase will be 
(a) by the rate of the photochemical phase which precedes 
it, for this will determine the supply of the 
product, which provides the substrate for the dark 
phase, and (5) by the activity of the protoplasmic factor. 
We have already pointed out that this activity is not inde- 
pendent of external conditions. It fluctuates with the 


limited by a single factor. Those who held this view graphically 
sented the substitution of one limiting factor for another by drawing 
rising straight lines which suddenly became horizontal (see Stiles, 144). 
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Fig. 28 . — ^Tlie effects on the rate of photosynthesis of Fontinalis 
of changing the concentration of carbon dioxide at different 
light intensities. (From Harder, see Spoehr, 140.) 
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temperature, increasing in most leaves from low tempera- 
tures to some temperature between 30° C. and 40° C. and 
then decreasing as the protoplasm is progressively injured 
and killed during prolonged exposures to higher temperatures. 
For the process as a whole the connection between the 
light and dark phases on the one hand and the external 
factors on the other has been demonstrated in a variety of 
ways. For example, it has frequently been shoAvn that photo- 
synthesis is feeble at low temperatures in well-lit leaves 
plentifully supplied with carbon dioxide. We may infer that the 
rate of the dark chemical reaction limits the. rate of photo- 
synthesis to this low value, i.e., the protoplasmic factor at this 
low temperature can only change a small proportion of the acti- 
vated products of the photochemical phase. This inference 
receives further support from the fact that under these conditions 
the rate of photosynthesis is increased by raising the temperature, 
i.e., by increasing the activity of the protoplasmic factor. We 
may state that under such conditions, temperature is the 
external factor which is in relative minimum. 

Further, it is well known that photosynthesis is always 
feeble, (a) in poorly-lit leaves well supplied with carbon dioxide, 
and (b) m well-lit leaves placed in very low concentrations of 
carbon dioxide. Under these conditions the rate of the whole 
process is determined by the rate of the photochemical reaction 
and may be increased by increasing the light-intensity in (a), 
and by increasing the concentration of carbon dioxide in (b). 
In both circumstances the photochemical reaction would be 
accelerated, and the amount of activated substrate offered to the 
protoplasmic factor in unit time thereby increased.,,. The proto- 
plasmic factor will continue to be sufficiently active to deal at 
once with all the photochemical product, as long as the light- 
intensity is deficient, under the conditions of (a), or the CO - 
concentration, under the conditions of [b), i.e., the rate of 
photosynthesis will not be increased by raising the temperature 
TOtil both the COg-eoncentration and the light-intensity have 
been considerably raised. 

Field experiments also show that Cpa-supply, lightdntensity. 
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and temperature, may each in their turn limit the rate of photo- 
synthesis between dawn and dusk. But it is not always easy 
to decide what factor is, at any time, relatively the most 
deficient. Sometimes, however, the situation is quite clear. 
Thus on warm days just after dawn or before dusk either in 
water-plants or in land-plants with open stomata, light-energy 
is ill relative minimum, i.e,, the rate of the photochemical 
phase limits the rate of the whole process. Then on bright 
winter days the rate in evergreen leaves is often limited by the 
temperature, i.e., by the rate of the dark chemical phase. One 
of the many advantages accruing to plants from greenhouse 
culture during the winter is therefore not far to seek. 

Since the COa-concentration in the air is low, and since 
stomatal apertures are not always fully open during the day, 
it is not surprising that the COg-supply often limits the rate of 
photosynthesis during the major part of a summer’s day. The 
average daily rate of photosynthesis may be increased by 
raising the COg-concentration around a plant. This has been 
done for certain greenhouse crops, ^.g., tomatoes, and the yield 
from these plants has thereby been substantially increased. 

Since over 90 per cent, of the dry matter of green plants 
is produced as a result of photosynthesis, it is clear that 
researches on the rate of photosynthesis are of great practical 
importance. Under cultural conditions for well-watered plants, 
fj an optimum balance between C02-concentration, light-intensity, 

and temperature, should be the aim. These external factors 
may be readily controlled by mechanical means. The con- 
trol of the activity of the internal factors is a problem for 
the plant-breeder. Vigorous strains should be selected, and 
they should be grown under conditions which favour the 
development and maintenance of the full potential activity of 
the pigments and protoplasmic factors in the chloroplasts. 
It is well known that etiolated plants grown in the dark, 
or chlorotic plants grown in, the absence of iron, lack chloro- 
phyll. It follows that light and soluble iron salts are 
necessary factors for the formation of green pigments. 
Furthermore, Briggs (27) found that the protoplasmic factors 
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do not develop full activity when the nutrient solution absorbed 
by the roots is deficient in certain essential elements, such as 
potassium and phosphorus. Clearly the efficiency attained 
by a green leaf considered as an organ of photosynthesis will 
depend upon its nurture as well as its nature. 

D. The Intermediate Stages in Photosynthesis 

In 1861 it was discovered that a sugar-like substance is 
formed when dioxymethylene, a condensation product of 
formaldehyde, is heated in alkaline solution. This discovery led 
Baeyer to suggest that formaldehyde might be an intermediate 
product in the photosynthesis of carbohydrates by green plants. 
Baeyer’s hypothesis still forms a subject for discussion and 
biochemical research, and must, therefore, be considered here.^ 

The fact that it is an inherent property of carbonic acid to 
yield formaldehyde under certain conditions is of great interest, 
for the necessary causal conditions may exist in illuminated 
chloroplasts. The reaction may proceed in vitro in a variety 
of ways. Thus Fenton showed that carbon dioxide and water 
combine under the agency of magnesium powder (which acts 
as a catalyst) to yield formaldehyde. Further, formaldehyde 
may be produced in the absence of a catalyst, when carbonic 
acid is exposed to ultra-violet light (Dhar, Rao, and Ram, 38). 
But there is as yet no convincing evidSace"o^^ 
of formaldehyde when pigmented systems analogous to those 
in living green cells are illuminated by ordinary light. 
Indeed, Baly (9) has reported that, on the surfaces of certain 
illuminated coloured powders (for example, nickel carbonate) 
suspended in water, carbon dioxide combines with water to 
give sugars directly. This finding, however, does not rule out 
the possibility that formaldehyde is an intermediate product 
of photosynthesis by green leaves. 

It is now generally accepted that formaldehyde is not 
normally present in the free state in green leaves. Delicate 
colour-tests for formaldehyde have been performed (a) on green 

1 For other suggestions which are based on purely chemical considera- 
tions see Stiles { 144 ), and Spoehr 
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leaves, (5) on steam-distillates from green leaves, and (c) on 
extracted cliloroplast pigments after these had been treated in 
a variety of ways. Unless the extracted chloroplast pigments, 
whether in the green leaves or in wiro, had undergone decom- 
position in the presence of light and oxygen, negative results 
were obtained. This might have been because formaldehyde 
was changed as rapidly as it was produced (see p. 213). In 
order to test this possibility, Klein and Werner introduced 
dimedon, a substance which rapidly combines with formalde- 
, hyde to yield formaldomedon, into photosynthesizing systems 
composed of illuminated green water plants submerged in 
water containing dissolved carbon dioxide (c/. p. 215). 

They found that formaldomedon accumulated, and con- 
cluded that formaldehyde was produced as an intermediate • 
product of photosynthesis, and that some of the formaldehyde 
combined with dimedon instead of being changed into carbo- 
hydrate. For a year or two we appeared at last to have sub- 
stantial biochemical evidence in favour of the formaldehyde- 
hypothesis. But Barton- Wright and Pratt {12) again threw 
doubt upon this hypothesis, when they found that formal- 
domedon is produced by an ordinary photochemical reaction, 
in the absence of living cells, when carbonic acid is 
illuminated in the presence of dimedon. » 

Klein and Werner had reported that they failed to detect 
formaldomedon when they placed killed of narcotized green 
shoots, or non-green tissue, in the light in water containing 
carbon dioxide and dimedon. They were satisfied that 
formaldomedon was not produced in the absence of active 
cells, when conditions were favourable for a purely photo- 
chemical synthesis. It is clear that their results are in conflict 
with those of Barton-Wright, and further work is required to 
decide the important points at issue. 

Chemists have long known that formaldehyde is readily 
polymerized under certain conditions to hexose sugars. If 
formaldehyde is produced in green cells it must rapidly 
undergo metabolism, since it does not accumulate. Now 
feeding experiments with formaldehyde show that there is a 
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system in green cells that can change formaldehyde into 
carbohydrates in the dark (see p. 217) ; and Bodnar has 
reported that this system remains active in green leaves 
that have been killed by drying, i,e,, it may be described as 
an enzyme system. The presence of this polymerizing system 
in green cells is a point in favour of the formaldehyde-hypo- 
thesis. 

As it takes into account physiological as well as chemical 
facts, the scheme of Willstatter and Stoll is probably the most 
satisfactory form of the formaldehyde-hypothesis. The 
chlorophyll in the chloroplast is supposed to combine by a 
purely chemical reaction through its magnesium atom with 
carbon dioxide and water to form chlorophyll bicarbonate ; — 


Chloropliyll. Chlorophyll bicarbonate. 

The evidence for this reaction is that carbon dioxide reacts 
with a colloidal solution of chlorophyll in water, splitting off 
magnesium carbonate and leaving a magnesium-free residue 
called phseophytin. They suggested that chlorophyll bicar- 
bonate isf an intermediate product of this change, and undergoes 
photochemical intramolecular change in illuminated green cells, 
and yields chlorophyll-formaldehyde-peroxide. This peroxide 
would possess a higher energy-content than the bicarbonate. 


Chlorophyllbicarbonate. Chlorophyll -tormaldeliy de- 

peroxide, 

Willstatter and Stoll supposed that this photochemical phase 
I is followed by a chemical phase in which a catalase-like 
i enzyme .cleaves the peroxide complex with the regeneration 
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of chlorophyll and the production of formaldehyde and 
oxygen : — 


' \M6-0.CH I 

>m ° 


ENZYMEr 


>M64.H.CH0'f02 
o ^ 


Cliloropliyll- 

form.aldeliyde- 

peroxide. 


Chlorophyll. 


According to the above equations formaldehyde is produced 
with the elimination of one molecule of oxygen for every 
molecule of carbon dioxide used, and this is in accord with 
the experimentally observed fact that the photosynthetic 
quotient is approximately unity. It should be noted, however, 
that there are other schemes which take this fact into account. 

It has been suggested that at this stage a polymerizing 
system, possibly a definite enzyme, which is relatively more 
active than the systems by which formaldehyde is produced, 
comes into play. This substance therefore does not accumulate, 
but at once undergoes metabolic conversion into hexose 


6HCHO • 


^ 6 ^* 12 ® 6 - 


We see that the authors of this scheme (a) have recognized 
that functioning chloroplasts are complex systems in which 
pigments and protoplasm (or enzyme components of proto- 
plasm) co-operate in bringing about a sequence of light- and 
dark-chemical reactions, (b) have taken into account the fact 
that the photosynthetic quotient is unity, and (c) have indicated 
that the amount of chlorophyll is unchanged at the end of the 
process. It will be noticed that they have not attempted to 
discriminate between ’ chlorophyll a and chlorophyll b, nor to 
assign chemical functions either to the non-green plant-pigments 
(carotin and xanthophyll) or to the protein and lipoid com- 
ponents of the chloroplast. 

Finally we may note that some of the ideas in the scheme 
formulated in 1938 by Briggs (p, 289) are not at variance with 
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this hypothesis of Willstatter and StolL In this scheme Briggs 
supposed that ‘‘A complex of some substance we will call S 
(which may be chlorophyll) and carbon dioxide is converted 
to as the result of absorption of light-energy. This latter 
substance, perhaps a peroxide form, may be broken down by 
a catalyst B to give carbohydrates and oxygen . . The use 
of general terms by Briggs is noteworthy. In all his papers he 
makes very guarded mention of reactants other than carbon 
dioxide, and products other than carbohydrates and oxygen, 
and it must be admitted that, even at the present day, the only 
unquestionable knowledge of the chemistry of photosynthesis 
that we possess is that complex pigmented protoplasmic 
systems in chloroplasts absorb light energy and synthesize 
carbohydrates ^ from carbon dioxide and (presumably) water 
with the liberation of oxygen. 

1 The problem of the first sugar of photosynthesis has already been 
discussed (p. 200), 


CHAPTER XIV 


RESPIRATION! 

A. Aerobic Respiration as the Oxidative Consumption of 
Respirable Substrates with the Liberation of Free-energy 
and Heat-energy 

Towards the end of the eighteenth century Lavoisier proved 
that during the respiration of the higher animals oxygen is 
taken in from the air and carbon dioxide is given out. Later 
it was established that this gaseous exchange is connected with 
the consumption of food in the tissues, the performance of 
muscular work, and, in warm-blooded animals, the creation and 
maintenance of the body temperature. 

. These researches on higher animals were followed by experi- 
ments on plants. Scheele, Ingenhousz, de Saussure, and others, 
demonstrated that there is an interchange of gases between 
plants and their environment similar to that shown by animals. 
And early in the nineteenth century it was realized thal the 
production of vital heat by certain actively growing parts 
of plants the spadices of Arpids) is connected with the 
absorption of oxygen. But incorrect ideas were at that time 
prevalent owing to the failure of most botanists (von Mohl was 
a notable exception) to distinguish between the gaseous 
exchanges characteristic of photosynthesis and those associated 
with respiration. Sachs ( 1868 ), however, had made it clear 
that plant respiration is quite distinct from photosynthesis,^ 

1 The monographs by Kostytschew (S4), and Stiles an& Leach {150), 
and chaps. Ill and IV in Onslow’s book {102), are recommended for 
further reading. 

^ The chief differences between these two processes have been indicated 
in chap, X, section A. In the same chapter the paths of respiratory 
gaseous exchange were considered ; and it was pointed out that the inward 
passage of oxygen and the outward passage of carbon dioxide are purely 
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and often consists, as in animals, of (a) the continual absorp- 
tion of oxygen, (b) the oxidation of organic substances contained 
in the respirmg cells with a concomitant liberation of energy, 
(c) the liberation of carbon dioxide and the formation of water 
and (d) loss in dry-weight. 

Although when deprived of oxygen the tissues of green plants 
continue to produce carbon dioxide — a phenomenon which is 
termed anaerobic respiration— green plants cannot grow under 
anaerobic conditions.’- Hence they are classed as aerobic 
organisms or aerobes. For the same reason parasitic and 
saprophytic higher plants, most fungi, and rdany bacteria, are 
also classed as aerobes. It is generally accepted that this 
oxygen-need of aerobes is related to their energy requirement. 

' Energy is also released during anaerobic respiration, but either 
‘ V I in insufficient amount or not in the requisite manner for growth 
I and for the phenomena mentioned in the footnote. This energy 
is derived, not from the oxygen that is absorbed, but from 
certain of the anabolic products (termed respirable substrates) 
contained in the cells of the respiring tissue. In the presence of 
oxygen the protoplasm in the respiring cells oxidizes the respir- 
able substrates, and the potential energy in these substrates is 
i thereby released and rendered available for vital processes. 

It cannot be too strongly emphasized that the fundamental 
event in respiration, the setting free of potential energy, occurs 
within and is governed by the protoplasm of living cells.® We 
may regard the gaseous efehange that accompanies respira- 
tion as an external manifestation of the metabolic events that 
are governed by the respiratory centres in protoplasm. So far 
no one has succeeded in assigning respiratory activity to 
particular parts of the protoplasm. 

physical processes. In plant-respiration there occurs no activity compar- 
able with that of the thoracic muscles when higher animals breathe 
When considering plants, it is not advisable, therefore, to use the term 
breathing as an alternative to respiration. 

The striking events associated with nuclear division, the power of 
movement, and the ability to secrete liquids, are among the other pheno- 
mena that are dependent upon the presence of oxygen. 

tiictum in biology that respiration is one of the signs of life. 
This implies, of course, that dead cells (e.g., cork, wood-vessels, fibres, etc ) 
do not respire. 





LIBERATION OF ENERGY 


-251 


Certain of the respiratory events in aerobes have analogies 
with processes that occur in the engines of fuel-driven machines. 
The engines are so constructed that fuel is rapidly consumed 
at high temperatures in the presence of oxygen. The chemical 
energy in the fuel is liberated during the combustion, and some 
of it (the so-called free-energy) is harnessed to drive the machine. 
Arrangements are made for the escape of the waste gases 
produced. In respiration, protoplasm absorbs oxygen and 
consumes the fuel the respirable substrates) by slow 

combustion at ordinary temperatures. One of the fundamental 
endowments of a living cell is that it can harness in a specific 
manner some of the energy that is liberated (see also p. 4), 
and use it to promote vital processes. This transfer of 
energy occurs with a machine-like precision in the colloidal 
structures of the protoplasm. Non-gaseous waste products 
of respiratory combustion (dig., water) accumulate, and gases 
(d.g., carbon dioxide) escape. 

Carbohydrates of ’the hexose class ^ are the respirable 
substrates that will chiefly engage our attention in this chapter. 
The complete oxidation of 1 gram-molecule of a hexose (180 
grams) leads to the liberation of 674 Calories of energy {cf. 

p. 226):— 

CgHisOe + 6 O 2 = 6 CO 2 + 6 H 2 O + 674 Cals 

1 gram of hexose would yield 3-74 Calories. Weight for weight, 
fatty oils, which sometimes replace carbohydrates as respirable 
substrates, particularly in seeds, form a richer energy reserve. 
The calorific values of fatty oils vary slightly compo- 

sition, but we may take 9*5 Cajaries as the approxima^^^^^ 

1 gram of any fat. There is good evidence that proteins, a very 

^ Poly- and di-saccharides and glycosides may be considered as potential 
sources of hexoses. It is still uncertain whether glucose or fructose is 
preferentially used in respiratory metabolism. Some of the results of 
recent experiments appear to indicate that fructose is more readily oxidized 
than glucose. Further, it has been suggested that hexoses must first be 
changed to active sugars (sometimes termed y-sugars, or butylene oxide 
or furanose sugars) before they are consumed. Consequently, it may be 
significant that fructose is liberated as an active sugar when cane-sugar is 
hydrolyzed (p, 400). 
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varied class of compounds, can serve as respirable subs 
In dietetics the calorific value of 1 gram of protein is taken as 
5*7 Calories. 1 

Carbohydrates, fats, and proteins, are not always completely 
oxidized in respiration. The recent work of Ruhland and 
Wetzel (see Onslow, p. 215) indicates that vegetable 
! acids may be formed by the oxidation of proteins, and it is 
probable that these acids are sometimes produced from carbo- 
hydrates (see Bennet-Clark, 15). These acids may later them- 
selves serve as respirable substrates. Far more is known 
however, about their oxidation by micro-organisms than by 
the cells of higher plants (see Stephenson, U2). 

As regards the fate and function of the energy liberated during 
respiration, unsolved outnumber solved problems (for discus- 
sion see Bayhss {14, chap. XX). It is generally accepted 
that much of the energy set free appears as heat-energy which 
is not conserved but is at once lost by radiation.^* ’ Occa- 
sionally, under natural conditions (c/. conditions in Potter’s 
Illustrative experiment, p. 261) when grov-th is rapid and the 
surface for radiation small (as in the growing spadices of 
Aroids), the temperature in the plant is greater than that in 
the environment. As a result metabolism will become locally 
hastened for a time, and the growth-rate increased. Except 
when this local advantage temporarily accrues, plants do not 
appear to benefit from the heat-energy produced by the con- 
sumption of valuable food-reserves. It is possible that the 
energy finalfy appearing as heat previously serves some useful 
function in the life of the respiring tissue, but it is difficult to 
avoid coming to the conclusion that the actual production of 
^ ^ ^ wasteful process. 

We have earlier argued from general considerations that 

vifS^Sr''''- ■ Jbe^^ted in respiration promotes 
vijal processes; ^^Doyer (see Kostytsehew, 84) simultaneously 

serve aVbody^buiMere^* Carbokvd*rates™*a compounds primarily 

not possess a 
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measured the COg-output and heat-production of germinating 
wheat seedlings. From the relation that 2*5 Calories of energy 
are liberated for every gram of carbon dioxide produced the 
total energy set free in respiration was calculated from the , 
COg-output. Doyer asserted that during the first six days 
of germination much less than fifty per. cent, of the total 
energy was liberated as heat. He concluded that the greater ' 
part of the energy was free-energy.and was used in formative: 
processes.' The thermodynamics of respiratory processes in.'' 
green plants cannot be profitably considered, however, until ' 
further experiments such as Doyer’s are performed. What we 
require are balance-sheets of energy-exchanges for a wide range 
of plant-organs at different stages of development and under 
different environmental conditions. 

It is widely accepted that a part of, this so-called free-' 
energy is used in anabolic processes that are, coupled with ' the 
catabolic processes of respiration... The fundamental fact \ 
that energy set free in one metabolic process can, be, used in 
another is. admirably illustrated by the behaviour of certain 
autotrophic micro-organisms, which; ■ obtain energy by ”'the' 
oxidation of inorganic materials (see Stephenson, 142 ), Thus 
in the ' presence of oxygen Nitrosomonas ' and 'Mtrococcus:' 
oxidize ammonium salts to nitrites, Nitrobacter oxidizes nitrites 
to nitrates, Beggiatoa and certain other, sulphur bacteria,; 
oxidize hydrogen sulphide to sulphates, the' jron^ bacteria 
oxidize ferrous to ferric salts, and the hydrogen bacteria oxidize 
hydrogen to water. ^ The energy set free in these oxidations is 
used in the chemosynthesis ' of carbohydrates from carbon 



1 These oxidations are sometimes classified with respiratory processes 
because oxygen is absorbed and energy liberated. It must be remembered, 
however, that there is no evidence that this energy is used for any vital 
process other than the chemosynthesis of carbohydrates, and there is good 
reason to believe that in these autotrophic organisms the energy for 
life ” comes not from Inorganic materials, but from organic respirable 
substrates that are produced by chemosynthesis and subsequent meta- 
bolism. It will doubtless be possible to give a critical definition of the 
term respiration when a deeper understanding of this function has been 
gained. It may well be that the oxidations of inorganic materials by 
autotrophic bacteria will then be clearly distinguishable from true respira- 
tory processes. 
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dioxide and water. Plainly in each of the bacteria the chemo- 
synthetic process is coupled with the oxidation process. 


B. Experimental Methods 

(i.) CO^-output and oxygetv-^uptake during the aerobic respim^ 
fion of green higher plants* The production of carbon dioxide 
by respiring tissue may be readily demonstrated by passing air 
free from carbon dioxide over any living tissue, and then into 
lime-water. Owing to the formation of calcium carbonate, the 
lime-water will turn milky, In order to prevent photosynthesis 
m masking respiration when green tissue is used, the experi- 
mental chamber in which the tissue is placed must, of course, 
be darkened. 

To measure the rate of production of carbon dioxide ^ the 
apparatus sketched in fig. 29 may be used. Air is first freed 
from carbon dioxide by passing it through a soda-lime tower, 
and then is passed through lime-water, w^hich will remain clear, 
if the soda-liine has done its work properly. The respiratory 
carbon dioxide is absorbed from the air issuing from the experi- 
chamber by a known volume of a stock solution of 
baryta contained in a Pettenkofer-tube (so-called after the 
experimenter who first used this form of tube). The rate should 
slow enough to allow the bubbles to pass sing^, without 
sing, through these long narrow tubes. The change caused 
the formation of barium carbonate is measured by titrating 

1 The expression of the rate of Respiration, The manner of expressing 
of respiration, or, it is sometimes termed,* the respiratory 
according to the experimental material used and the 
, the volume or weight of carbon dioxide produced 
is frequently referred to the fresh*^ or dry- weight 
For l^ves, however, unit surface is sometimes 
rence.. . • 

duration on any growing tissue or of longer 
1 tissue, such as a single apple or potato tuber in 
in weight occur, it does not much tnatter whether 
imount per unit mass per unit time is determined, 
►f growing tissue or different apples or tubers are 
tt standard must, of course, be used, 
iments on growing plants it must be remembered 
as well as changes in the number of respiring 
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the solution against standard hydrochloric acid, and from the 
titre the amount of carbon dioxide given off in unit time may 


be calculated. For further details concerning this continuous- 
current method see Kostytschew {84). 

The principle underlying many methods of measuring 
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oxygen-uptake is illustrated in experiments with Ganong’s 
respirometer (see Ganong, 48). Two c.c. of respiring plant 

material are put in the bulb 
l,|| of the respirometer (fig. 30), 

.-i-L and a 10 per cent, solution 

of caustic potash is placed 
^ Ijn “ manometer. At the 

j . jj i outset, when the air around 

U ill material is at atmo- 

V' _||J, / I j spheric pressure,! the level- 

j j ling tube is adjusted so that I 

\j/ I [ the potash in the graduated * 

tube is at the 100 c.c. mark. 
(j°r’ /W l Seeing that the volume of 

l I the apparatus up to the 

? 100 c.c. mark is 102 c.c., and ^ 

I E ' i fll p we have introduced 

I I I 2 c.c. of plant-material, the 

,'„,E I I I respiring tissue is at the 

iW surrounded by 100 c.c. 

j v 7 of air. The experiment is 
ST begun by turning the glass 

I' / I V' stopper to cut off communi- 

| | |lj ; cation with the outside air. 

s #1 Respiration now takes place 

in a closed space, and the 
j carbon dioxide produced is 

/ ff^ jj j\ ®'^®°^bed by the potash. 

j J \ solution rises in the 

L \ graduated tube until the 

‘ — ^ ~~~~~ — -— i <ei mark 80 is reached,® and it 

30.— Ganong^s^respirometer (see then remains at this level, 

„ , . . *-e., one-fifth and only one- 

^ ot the air IS absorbed during aerobic respiration. Plainly 

, eiore a reading is made the potash in the graduated and the levelling 
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this fraction represents oxygen. Hence we may infer that 
COg-output is accompanied by oxygen-uptake. 

Th e same apparatus may bejuised to determine the reitp iiain^ 
qu otient^ ix ., to cQmpa xe„tJae^yoIu mes of oxy g en absorbed _and. 
car bon ^^ di oxife liberated.. In this experiment a saturated 
solution of common salt is first placed in the manometer.^ 
When carbohydrates are being oxidized, the level of liquid will 
remain approximately constant, ix., measured in c.c., the 
COg-output and oxygen-uptake are the same and the ll.Q. = 1, 
If pellets of solid caustic alkali are now added to the salt 
solution the carbon dioxide that has accumulated will be 
absorbed, and can thus be measured. The number obtained 
will, of course, also represent the amount of oxygen absorbed. 
If fats are being oxidized the level of liquid rises. This means 
that the respiratory quotient is less than unity, ix,, a greater 
volume of oxygen has been absorbed than carbon dioxide given 
out. Let us suppose that the excess oxygen is c.c., and 
that w^hen the potash pellets are added there is a further 
reduction of Vg c.c. The value of the respiratory quotient will 
then be given by 'V 2 lC^i + ^ 2 )- 

In Ganong’s respirometer changes in temperature alter the 
volume of the gas in the enclosed space around the respiring 
material. This defect is not present in respirometers in 
which a fixed manometer is placed between the experimental 
chamber and a compensating chamber of identical volume (see 
Dixon, 40), 

Finally,^ we note that gaseous exchanges in a closed system 
may be followed quantitatively by means of gas-analysis. 


^ The saline solution should be used, since carbon dioxide dissolves in 
pure water. It is far less soluble in strong salt solution. The fact that 
it is slightly soluble will, of course, affect the result. 

2 Space does not permit a description of certain more delicate methods 
of measuring COg-output in closed systems through which gas is circulated. 
It must be sufficient to mention that changes in pH in water placed in a 
vessel in the system can be measured by means of indicators. The rate of 
decrease of pH is used as a measure of the rate of respiration. Also, by 
means of the Katharometer (see Stiles and Leach, the change in the 
resistance of a spiral of platinum may be used to follow the rate of COg- 
output. Stiles and Leach have used this instrument to follow the 
respiration of a single seed. 

THOMAS’S PLANT PHYS. 9 
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Changes in the concentration of oxygen and carbon dioxide are 

readily determined with Haldane’s apparatus (Haldane, J, S., 5d). 

(ii.) CO ^output and the fortnation of ethyl alcohol and ocef- 
aldehyde in anaerobic respiration. If plant-tissue, in which car- 
bohydrates are being oxidized, is placed in Ganong’s respiro- 
meter, with the level of neutral saline solution in the graduated 
tube originally at the 80 mark, the level will remain constant 
for a period, but will begin to fall when all the oxygen has been 
used in. aerobic respiration. Subsequently a gas will be given ( 
off without the absorption of any gas from the environment, ; ' 
and the rate of fall of the level of liquid in the closed limb of the % 
manometer may be used as a measure of anaerobic respiration, ^ 
That this gas is carbon dioxide can be shown by introducing 
potash pellets, when it will be found that the level of liquid in 
the closed limb will rise above the 80 mark. The rise to the 
80 mark may be attributed to the absorption of the carbon 
dioxide produced in anaerobic respiration, and the rise above 
this mark to the absorption of the carbon dioxide produced | 
during the preliminary phase of aerobic respiration. 

The rate of production of carbon dioxide under anaerobic 
conditions is, however, best found by using the apparatus 
sketched in fig. 29, but substituting for the air current a 
current of nitrogen from a gas-cylinder. * 

According to Stiles the production of carbon dioxide under 
anaerobic conditions was first reported by Cruickshank in the | 
eighteenth century. About 1870, Pasteur demonstrated that 
fermentation occurs in the higher plants in the absence of 
oxygen. Much work on the production of ethyl alcohol then | 

followed. In 1912 Kostytschew and certain collaborators | 

detected acetaldehyde as a product of anaerobic respiration of 
poplar flowers, and its formation under anaerobic conditions ^ 
has since been demonstrated in apples (Thomas, 1928), pea- 
meal (Neuberg and Gottschalk, 1924), and in other tissues. 

After a period of anaerobiosis, any ethyl alcohol that has 
accumulated may be estimated by submitting the tissue to 
steam-distillation, and oxidizing the steam -distillate with 
potassium dichromate and sulphuric acid. The acetic acid so 




formed can be separated in aqueous solution by ordinary 
distillation, and titrated against standard alkali. 

Fermentation may sometimes be demonstrated by detecting 
the production of acetaldehyde either in the absence of oxygen, 
or when the oxidation systems in cells have been inhibited 
by hydrogen cyanide, hydrogen sulphide, or carbon dioxide. 
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a d e 

Fig. 31. — Apparatus for demonstrating the presence of acet- 
aldehyde among the volatile products of the respiration of 
apples in air containing hydrogen sulphide. 

It is easy to show that fermentation occurs when apples are 
treated with hydrogen sulphide. Three healthy apples should 
be placed in a desiccator d, through which air can be drawn 
(fig. 31). The air should first pass through 1 per cent, phloro- 
glucinol dissolved in 6 per cent, sulphuric acid (a reagent for 
detecting the presence of aldehydes in gas-streams), con- 
tained in and on issuing from the desiccator pass through 
the same reagent contained in the vessel e. Hydrogen sulphide 


9—2 
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gas escaping from a saturated solution contained in vessel 5 
should be allowed to leak into the incoming air at c. It will be 
found that after a day or two a copious yellow precipitate has 
been throw down in the vessel e. Precipitation is due to the 
formation of an aldehyde-phloroglucid. Rimini’s specific test 
may be used to show that this aldehyde is acetaldehyde, a blue 
colour being obtained when first a solution of sodium nitro- 
prusside and then a solution of piperidine are applied to a cut 
surface of flesh-tissue. A control experiment with pure air 
should be performed. There will be little or no precipitation 
in c, and at the end of the experiment the flesh-tissue will not 
give a blue colour when subjected to Rimini’s test. 

'(iii,) Disappearance of respirable substrates and loss of drp>-> 
tveight. Quantitative experimental methods (p. 228) permit 
changes in the carbohydrate content of respiring tissues to be 
followed. Thus it has been shown that the total carbohydrate 
decreases during the germination of starchy seeds (p. 206). 
The consumption of carbohydrates also accounts for the dis- 
appearance of starch from the cells of green leaves respiring in 
the dark. More advanced books (e,g., Haas and Hill, 53) must 
be consulted for the description of methods for following changes 
in the fat-content and protein-content during respiration, 
C 02 -output leads to a loss of carbon, and consequently to a 
decrease in dry-weight. Decreases in the content of carbon, 
hydrogen, and oxygen, have been determined by the combustion 
of comparable samples of germinating seeds dried before and 
after a period of respiration. Changes in dry -weight during 
the germination of seeds are readily determined (see table, 
p. 205), and the loss in dry-weight when green leaves are 
respiring in the dark may be demonstrated by the half-leaf 
method (p. 225). It should be noted that the dry-weight of all 
plants tends to decrease at night. Deciduous perennials, also, 
lose dry-weight in the winter and during the early stages of 
growth in the spring. Thus when growth is revived in bulbs, 
corms, tubers, and rhizomes, and when the buds on the twigs of 
woody perennials swell and begin to develop into leafy shoots, 
respirable material in storage-parenchyma is drawn on and 
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oxidized. Consequently the dry-weight decreases, and the 
wastage cannot be repaired until the green leaves unfold and 
display pliotosynthetic activity. 

(iv.) The liberation of heat-esiergyi during respiration. The 
fact, which has long been known, ^ that growth is accompanied 
by the liberation of heat -energy was neatly demonstrated by 



Fig. 82. — Potter’s method of demonstrating the liberation of heat 
which accompanies the germination of seeds, and the growth of 
micro-organisms (see text). The results of an experiment 
are graphically represented in the lower figure. 

Potter. He placed germinating seeds in thermos-flasks and 
observed that the temperature rose continuously during the 
first few days (see fig. 32). In the flask containing seeds 

1 See remarks on p. 249 on vital heat. Also, it has for many years 
been realized that the heat that develops in heaps of rotting plants through 
which there is no passage for cool air is due to the respiration of the growing 
saprophytes that cause the rotting. Fires may result from the careless 
stacking of moist green hay. 
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that had previously been killed by immersion in boiling 
water, the temperature did not rise until micro-organisms 
began to multiply rapidly. This happened after two days. In 
the flask containing the seeds that had been killed by immersion 
in boiling 1 per cent, mercuric chloride (a poison to all forms of 
protoplasm) the temperature remained constant throughout 
the experiment. The mercuric chloride kept the killed seeds 
free from micro-organisms. It was thus demonstrated that 
heat-energy was liberated only when the embryos of the 
seeds were growing, or when micro-organisms were multiply- 
ing. It may be presumed that the energy was liberated in a 
respiratory process. 


C. Respiratory Quotients 

The simultaneous measurement of C02-output and oxygen- 
uptake by a plant-tissue permits the calculation of the respira- 
tory quotient (R.Q.), i.e., the number expressing the ratio of 
the volume of carbon dioxide given out/volume of oxygen 
absorbed by unit mass of tissue in unit time. The value of this 
ratio is governed in the first place by the chemical nature of the 
substance that is oxidized. Thus, for example, a comparison 
of the equations that represent the complete oxidation of 
(a) carbohydrates, and (6) fats, shows that for the former this 
quotient would be unity, and for the latter 0-7 approximately. i 
(o) CjHjaOe -f eOg = 6CO2 + 6H2O. . 

(h) 2 C 6 iH 9806 -f 145O2 = IO2CO2 -f 98H2O. 

For the complete oxidation of organic acids the R.Q. is greater 
than unity : for example, the R.Q. for oxalic acid is 4, that for 
tartaric acid is 1-6, and its value for proteins fluctuates 
about 0-5. 

Coinplete oxidation does not, however, always take place ; 
sometimes another organic compound more highly oxidized 
th^ the respirable substrate is formed. Indeed, for certain 
substrates no carbon dioxide is produced, le,, the ll.Q. is zero* 






RESPIEATOBY QUOTIENTS 263 

At tte other extreme, we have the R.Q. for anaerobic respira- 
tion, which must he represented by the infinity sign. 

Some diversity exists in the nature of the metabolic events 
in which oxygen is absorbed and carbon dioxide produced.^ 
Consequently it is not always easy to interpret the meaning of 
numbers that purport to express respiratory quotients. Never- 
theless experience has shown that when it is known what types 
of respirable substrates are present in cells, these numbers often 
point decidedly to the substrate that is actually being consumed, 
and to the mode of consumption. Thus, considering the data 
given in table XI, we may infer that carbohydrates were 
completely oxidized to carbon dioxide and water when the 
respiratory quotients were near to unity for tissues known 
to contain carbohydrates (e.g,, many green leaves, germinat- 
ing starchy seeds including wheat seedlings respiring in more 
than 5 per cent, oxygen, and healthy green apples from 
storage chambers). * 

The respiratory quotients recorded in the table worked out at 
less than unity, (a) when some substrate other than carbohydrate 
was consumed, (b) when carbohydrates or other substrates were 
incompletely oxidized, and (c) when oxygen-uptake occurred 
in processes other than respiration. Thus jn germinating 
linseed, the principal food-reserve is fatty-oil, and the R.Q. of 
0^4 accords well with the approximate value 0*7 for the 
complete oxidation of a fatty oil. The low R.Q. for Opuntia 
in the dark may have been due to the incomplete oxidation of 
the respirable substrate in this succulent plant, and in favour 
of this view is the fact that malic acid and other vegetable 

^ It is difficuit to evaluate the true R.Q. for such respiring tissues as 
also absorb oxygen or give out carbon dioxide in metabolic changes that 
could only be described as respiratory by stretching the use of the term 
respiration beyond the customary limits. Thus oxygen is always absorbed 
when tissues containing direct oxidases* change ^colour after injury, 
when anthocyanins are being formed in healthy plants, and when fats are 
being converted to carbohydrates. And in passing from a hexose unit 
to a pentose unit, a degradation that probably occurs in many developing 
plant-cells, oxygen-uptake may accompany the change of the hexose to 
the corresponding uronic acid, and carbon dioxide is produced by the 
decarboxylation of this acid. When these and other such changes are 
occurring in respiring tissues, what is determined by experiment is clearly 
the apparent and not the true respiratory quotient. 
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Table XI. Respiratory Quotients 

HT 7 . 7 

Many leaves rich in carbohydrates . . i 

Darkened shoots of Opuntia . . . . O-C 

Germinating starchy seeds . . . _ 1 

Healthy green apples in air stores . . . i 

Wheat seedlings in 5-20 per cent, oxygen . 0-9 

» » 3 per cent, oxygen . . 3-3 

” ” nitrogen . . . . infi 

Germinating linseed . ... .0-6 

Maturing linseed (apparent R.Q.) . . . 1.2 

Germinating buckwheat seeds (first five hours). 0-4 
Germinating peas with testas on (first seven days) 2-8 
Germinating peas with testas off . . .1-5 

Old apples in air-stores. . . . .>1-3 

Apples browning in air containing chloz’oform 


. 1 
. 003 

. 1 
. 1 

* 0 * 93 — 0*98 

. 3*34 

infinity 
0 * 64 '"" 

. 1*22 
I. 0*4r-0*o0 
sj 2*8 — 4 
. l‘5--2*4 

>1*3 


vapour (apparent R.Q.) . 

Apples treated with HCN or HgS . 


sometimes <0-25 
. sometimes >2 


acids are produced during the respiratory metabolism of 
many succulent tissues. The low value of the apparent R.Q. 
for apples that turned brown in air eontaining chloroform 
vapour may be attributed to the fact that changes of colour 
lowing injury are aecompanied by oxygen-uptake that has 
concern with respiration. The broivn substances formed 
are oxidation products of polyphenols. 

The fact that when anaerobic respiration occurs (e.£., when 
wheat seedlings respire in the absence of oxygen) the R.Q. must 
be represented by the infinity sign permits us to interpret some 
ot those R.Q.S which work out at greater values than unity for 
tissues respiring in gas-mixtures containing oxygen. Thus for 
the wheat seedlings respiring in 3 per cent, oxygen or less, it may 
be suggested that respiration was partly aerobic (characterized by 
R.Q. of unity) and partially anaerobic. For peas.germinat- 

ZIT. testas on (R.Q. 2-8-4-2) or with their 
testas off (R.Q. 1.5-2-4) we may again infer that carbohydrate 
was partially anaerobic. This may have been owing 
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to the restrictions imposed by the testas and the bulky coty- 
ledons to the supply of oxygen to the respiring cells. Apparently 
the removal of testas improved aeration. The R.Q.s greater 
than 1*3 indicate that anaerobic respiration had occurred in 
. old apples respiring in air, possibly owing to incipient cell- 
disorganization. As a result of this anaerobic respiration old 
apples in air-stores and germinating peas may contain ethyl 
alcohol, which, as we shall see later, is only produced by higher 
plants when, through restricted gaseous exchange or some other 
cause, oxidative activities are diminished. It will be noticed 
that apples treated with hydrogen cyanide or hydrogen sulphide 
gave high respiratory quotients. Under these conditions 
alcohol is also produced. 

It is probable that in the experiment with maturing linseed, 
carbohydrates were simultaneously being oxidized (R.Q. of 
unity) into carbon dioxide and water, and being changed into 
fatty-oils. This latter change reduces the relative amount of 
oxygen in organic combination, and presumably in the maturing 
linseed this released oxygen took part, either in the elementary 
form or in combination, in the oxidation of the carbohydrates, 
and consequently reduced the amount of oxygen absorbed. We 
can thus understand why the apparent R.Q. (1 — 2) was found 
to be greater than unity. 

Stiles and Leach { 149 ) attributed the low R.Q. in the first 
few hours after buckwheat seeds have imbibed water to 
the conversion of the small reserves of fat in the seed into 
carbohydrate. It should be noted that the apparent R.Q. for 
. the conversion of fat into carbohydrate is less than the true R.Q. 
for the respiratory oxidation of fat. Using a wide range of 
plants, Stiles and Leach have made determinations of the 
changes in the R.Q. during the early stages in the germination 
of seeds which contain different food-reserves (e.g., starch, hemi- 
cellulose,! and fatty -oil). They used exceedingly delicate 
methods of measuring ox^^gen-uptake and COg-output, and 
made measurements on single seeds. They found that in each 

1 Thus an R.Q. of unity for yellow-lupin seeds -was related to a hemi- 
celiulose built up of arabinose and galactose, as well as to glucose andfructose. 
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species examined the quotient changed during germination. 
They attributed these changes to the fact that different food- 
reserves were used at different stages in development. Re- 
spiratory quotients near to unity were related to the oxidation 
of carbohydrates, and those near to 0-75 to the oxidation of 
fats. Thus with maize grains, which contained a little sugar, 
much starch, and some fat, they found that the quotient fell 
from an initial value of unity to 0-75, and later rose to unity 
once more. They suggested that at the outset sugar acted as 
the respirable substrate, that fat was oxidized later, and that 
later still starch was consumed. With buckwheat seeds they 
found that after the first few hours the R.Q. rose steadily from 
0-5 to unity, and concluded (a) that the reserve of fat was 
quickly consumed, ^d {h) that carbohydrate subsequently 
acted as the respirable substrate. 
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D. The Rate of Respiration 

Number of respiring cells. It hardly requires an experiment 
to demonstrate that the rate depends upon the number of living 
qells. Obviously two apples will give off more carbon dioxide 
in quit time when together than when experimented upon 
singly. Similarly during germination, or other form of active 
growth, the rate of respiration by the whole plant will increase, 
for the new Cells arising in meristematic regions respire actively 
Their activity may decrease as they age, but as long as a cell 
contains protoplasm it will give off carbon dioxide. Respira- 
tion ceases in cells {e.g., sclerenchyma) that die during differentia- 
tion. Palladin was able to show that the CO^-output at 
different stages during the germination of wheat grains in 
air at constant temperature bore a constant ratio to the amount 
of nucleoprotein present, which he took as a measure of the 
amount of respiring protoplasm. He inferred that this amount 
must e one of the prime factors governing respiratory rate. 
I nder normal conditions there is no shortage of respirable 
substrate in germinating seeds. 

The intrinsic respiratory acUvity of a cell. Among the 



internal factors that have been postulated as governing the 
rate of respiration are the extent of catalytic surface in the 
protoplasm, and what F. F. Blackman has termed the organi- 
zation-resistance of the protoplasm. Chis latter expression 
describes a pure abstraction, in which it is conceived that in 
living cells metabolic events (such as hydrolysis of carbohydrate- 
reserves), and diffusion, are so organized that the rate of 
supply of respirable substrate to the catalytic surfaces is, as it 
were, under control. Thus it is supposed that slow hydrolyses 
or low permeability of membranes would cause respiration to 
proceed at a slow rate. 

Alteration in protoplasmic activity may be induced by 
narcotics. Thus the rate of respiration of wheat seedlings is 
increased by weak doses of ether and decreased by stronger 
doses. Possibly the first effect is on organization-resistance, 
and the second on the catalytic surface. Carbon dioxide 
narcotizes certain plant-tissues and depresses respiratory 
activity. Kidd and West (5dfhave investigated the depressant 
effects of carbon dioxide on 'germinating seeds (e.g., white- 
mustard seeds, which they caused to enter into a state of 
secondary dormancy for a year after treating them with carbon 
dioxide) and stored fruits. A practical application of the 
knowledge gained has been the development in recent years of 
gas-storage of fruits and vegetables. It appears that the 
storage-lives of certain apples may be lengthened by keeping 
them in an atmosphere of 10 per cent, carbon dioxide, 10 per 
cent, oxygen and 80 per cent, nitrogen. 

Injury to a given plant-tissue often causes respiratory 
activity to increase. The phrase “ wound-stunulus to respire^ 
tion ” concisely describes but does not explain this interesting 
phenomenon. It has also been stated that roots reacting to the 
geotropic stimulus respire more actively than before stiinulatioi^ 
that the respiration of carpels is accelerated by pollination, and 
that COj-output and oxygen-uptake of sea-urchin eggs increase 
rapidly immediately they are fertilized. Such increase possibly 

follows fertilization in all organisms* 

It is possible that the physical state of protoplasm alters 
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aunng me amerentiation ot newly formed cells, and when 
differentiated tissues become senescent prior to death, or 
dormant prior to a period of rest. But to prove this is no easy 
matter, seeing that during growth and differentiation increase 
in the number of respiring cells and the accumulation of non- 
plastic dry matter make it difficult to get a satisfactory measure 
of the respiratory activity of ageing protoplasm. i Moreover 
even in fully grown tissues it is difficult to decide whether 
changes in respiratory rates result from changes in the activity 
of protoplasm or from alterations in the concentration of respir- 
able substrate. Thus it has been shown that the rate of COa-out- 
put by unit fresh-weight of apples, which were ripening in cool 
air-stores, increased until they became green-yellow and then 
steadily decreased. In these apples the number of respiring 
cells remained constant and changes in dry-weight w'ere 
insignificant. The changes in the rate of respiration had there- 
fore to be referred either to alterations in the physico-chemical 
state of those parts of the protoplasm which govern respiratory 
activity, or to changes in the concentration of respirable 
substrate. F. F. Blackman and Parija ( 15 ) have suggested that 
the mcreased rate of respiration resulted from a decrease in the 
organization-resistance of cells, but that this was later, at the 
maximum point, more than balanced by the gradual exhaustion 
of potential respirable substrate. In addition, however, changes 
might have occurred in the extent and activity of the catalytic 

iitSISsps 
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surfaces in the protoplasm.^ Clearly, studies on respiratory 
drift, such as these, may throw much light on the internal 
factors governing respiration, particularly if the behaviour of 
senescent tissues is compared with that* of embryonic, develop- 
ing, differentiated, and dormant tissues. 

Temperature. The experimental data that are graphically 
represented in fig. 33 show the typical effects of temperature 


o/a3^s<S7a 
T/MB: fN HOURS 

Fig. 33. — The effects of temperature and the time-factor on the 
rate of respiration of seedlings of the garden-pea. (After 
Fernandez, see Stiles and Leach, 160,) 


on respiration. Samples from a population of four-day -old 
seedlings of the garden-pea respiring at a constant rate at 
25® C. were transferred to respiration chambers kept at different 
temperatures. At each temperature below 25® C. 
gradually declined until it reached a more or less steady value. 
At each temperature between 25® C. and 35® C. 
gradually rose to a steady value. It was calculated from the 
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differences in these steady rates of respiration that, between’ 
the temperatures 0® C, and 85° C., (p, 238) for respiration, 

lay between 2*0 and 2-5, Temperature-coefficients of this order 
are what would be expected from van’t Hoff’s law on the effect 
of temperature upon chemical processes. 

Above 85° C. the curves were a resultant of two antagonistic 
processes. The stimulating effect of temperature on the 
chemical process of respiration continued. Thus we notice 
that there was a sharper initial rise of respiration at 45° C. than 
at 40° C. The other effect was inhibitory owing to the fact that 
at temperatures above 85° C. respiratory enzymes are gradually 
inactivated. This general effect was responsible for the fall 
in respiration that occurred after prolonged exposure at all 
temperatures above 85° C. The higher the temperature the 
more rapidly did this inactivation progress : so rapidly, indeed, 
at temperatures greater than 50° C., that by the time the first 
measurements were made the respiration was less than it had 
been at the initial temperature of 25° C. Had it been possible 
to measure directly the rate of respiration immediately after 
the change from 25° C. to 50° C., it is probable that the rate 
at 50° C. would have been found to be more than double that at 
25°C. 

These results for the respiration of pea seedlings bring 
out clearly the relations between temperature and duration of 
exposure. Similar relations are also found in many other 
physiological processes. The idea of a time-factor was 
suggested many years ago by F. F. Blackman. It corrected 
the long-held notion of a cardinal point called the optimum 
temperature for biochemical changes governed by thermo- 
labile systems. In the last century it was believed that in 
addition to a minimum temperature below which and a maxi- 
mum temperature above which a reaction would not occur, 
there existed for every reaction a definite optimum temperature 
at which the reaction proceeded most rapidly. But it will be 
seen for the respiration of pea seedlings, as Blackman earlier 
proved for the photosynthesis and respiration of green leaves, 
that the apparent optimum changes with the duration of the 
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experiment. For the respiration of pea seedlings we note that 
after three hours the rate at 45° C. was greater than at 80° C., 
but after five hours the rate at 30° C. was greater than that at 
45° C. In general it appears that the longer the period of 
exposure the lower was the apparent optimum. Similar 
results have been obtained for other physiological processes ; 
hence the idea of a definite optimum for each process has been 
discarded. For processes governed by thermo-labile systems 
we may state that the reactions they govern will be accelerated 
by increasing the temperature to the level at which inhibition 
sets in. Above this temperature a knowledge of the effects of 
duration of exposure, i.e., of the time-factor, must be gained 
before statements can be made. 

Water-Content of cells. The results of experiments on seeds 
indicate that the water-content of cells influences respiration. 
The rate diminishes during the drying-out of seeds to a 
low but measurable value for air-stored seeds containing about 
10 per cent, water, and increases when these seeds once more 
imbibe water. Water probably affects both the respiratory 
activity of protoplasm and the amount of soluble respiratory 
substrate. 

Concentration of respirable substrate* There is direct and 
indirect evidence that at constant temperature the rate of 
respiration of a given tissue is governed by the concentra- 
tion of the soluble respirable substrate. By feeding fungal 
hyphse or etiolated leaves with various sugars, respiration has 
been enhanced. Further, it has been shown that green leaves 
respire more rapidly after a period of illumination, not because 
light has activated the respiratory mechanism, but because 
the concentration of carbohydrates is increased by photo- 
synthesis. 

It has been shown that potatoes that have become sweet ^ 
as a result of exposure to low temperatures (say 1° C.) 
respire at a higher rate when returned to a given higher 

1 It is a well-established fact that the equilibrium between starch and 
sugar in ceils, including those of the potato-tuber, is disturbed m favour 
of hydrolysis to sugar by lowering the temperature (see Barker, 10), Mams 
and Barker {58) found that a disturbance in the same sense is produced by 
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temperature (say 15° C.) than they would have done had they 
been kept continuously at 15° C. Moreover, Hanes and Barker 
found that the respiration of potatoes was accelerated by treat- 
ing them with hydrogen cyanide. Clearly a correlation between 
the rate of respiration and the amount of soluble respirable 
substrate is indicated by both of these experiments on 
potatoes. 

The behaviour of isolated tissue under starvation conditions 
. is instructive. It appears that respiration declines as food- 
stores are depleted. The “ starvation drift ” of stored apples 
has already been discussed. Detached green leaves in the dark 
are under starvation conditions. At first sources of carbo- 
hydrate (sugars, polysaccharides, glycosides) are drawn upon, 
and what F. F. Blackman has termed floating respiration 
falls gradually as these supplies diminish. Then, for a period, 
a constant minimum respiration is found, and this Blackman 
termed protoplasmic respiration. Possibly the proteins and 
• other substances in the protoplasm are oxidized during this 
phase ; certainly the cells are now doomed to autolyse and 
die. It should be noted that a leaf kept in the dark gradually 
becomes yellow and then brown. During autolysis the rate of 
respiration changes. For a short period there is an increase. 
After* the maximum has been reached the rate gradually falls 

and becomes zero at the death of the leaf. 

Oxygen concentration. In low concentrations of oxygen 
carbon dioxide is produced both by aerobic and by anaerobic 
respiration. From his measurements of respiratory quotients, 
btich concluded that anaerobic respiration is extinguished in 
most plant-tissues when the oxygen-concentration is raised 
to 5 per cent.i Broadly, the effect of increasing the 
bxygen-concentration from zero to the extinction point of 
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anaerobic respiration depends upon {a) the ratio of respira- 
tion ill the complete absence of oxygen to aerobic respira- 
tion {i.e,, I/N, p. 275), and (5) the rate at which anaerobic 
respiration is replaced by aerobic respiration. For apples, 
Parija found that anaerobic respiration is sometimes greater 
than aerobic respiration, and gained evidence that the 
relatively high rate of respiration shown by this fruit in pure 
nitrogen fell off rapidly on admitting oxygen until the extinction 
point of anaerobic respiration was reached. Subsequently the 
COg-output rose and each additional increase in oxygen up to 
100 per cent, further stimulated respiration. Blackman 
attributed this stimulating effect of oxygen on aerobic respira- 
tion to its playing a part in the activation of hexoses prior to 
glycolysis (p. 286 ). ,-»■ 

E. Anaerobic Respiration 

The fermentation component of anaerobic respiration. Ex- 
periments have shown that nearly all the tissues of higher 
plants produce carbon dioxide under anaerobic conditions, and 
that this anaerobic respiration usually consists in part at least 
of alcoholic fermentation.^ 


^ 6 ^ 12 ® 6 


2 CgH 50 H 


24-28 Cals. 


We may attribute this fermentative component of anaerobic 
respiration to the action of zymase in living cells, seeing that 
this enzyme complex has been separated from a large number 
of different plant-tissues. For example, a zymase preparation 
was obtained from beet-root, and the enzyme, under sterile 
conditions in vitro, acted on glucose giving alcohol and carbon 
dioxide in approximately the proportions required by the above 
equation. By weight the ratio, alcohol-production/COg-out- 
put, should work out at 1-04. 

^ It has been suggested that the superior functional value of aerobic 
respiration over anaerobic respiration is partly owing to the fact that 
insufficient energy (c/. the heat liberated (24-28 Calories) in the alcoholic 
fermentation of 1 gram-molecule of hexose with that liberated (674 
Calories) in the complete oxidation of 1 gram-molecule of hexose) is 
liberated during anaerobic respiration for the major vital processes. 
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The determination of the ratios of alcohol-production to COg- 
outpnt (table XII) has shown that it is rare for the anaerobic 
respiration of tissues of higher plants to consist entirely of 
alcoholic fermentation. 


Table XII. The ratio, alcohol-production jCO ^-output, 
anaerobic respiration 

Cotyledons of edible pea . . 0*6-0*8 

Carrot root . . . , 0*7-1 

Apples ..... 0*4-0*9 

Orange . . . . .0*7 

Grapes . . . . . 0*7-0*9 

Nasturtium leaves . . . 0*2-0*4 

Potato tubers .... 0—0*1 
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IjN Ratios and their interpretation. For over fifty years 
attempts have been made to determine the ratio of anaerobic 
respiration (often denoted by the letter I, which stands for 
intra-molecular respiration and aerobic respiration (often 
denoted by the letter N, which stands for normal respiration) ; 
but, for reasons that will be given below, the results of earlier 
researches are of doubtful value. We mention, however, that 
this ratio was obtained by dividing a number representing the 
amount of carbon dioxide produced in unit time by a given 
tissue in nitrogen or hydrogen, i.e.y in the absence of oxygen, 
by a number representing the amount of this gas produced in 
unit time by the same tissue placed in air. Now, respiration 
usually remains fairly constant during short periods of a few 
hours in air at constant temperature, so a significant value for 
N can be obtained by dividing the total amount of carbon 
dioxide produced during a period by the number of hours. 
But, under anaerobic conditions, the rate of production of 
carbon dioxide often alters rapidly. Thus it was found that the 
average hourly rate for white-mustard seedlings was, during 
the fourth hour of anaerobiosis, only one-quarter of the rate 
during the first hour, and consequently the I/N ratio fell as 
the experiment proceeded. What is usually wanted in order 
to express this ratio is a value representing I before any change 
in anaerobic respiration has occurred. This means that a 
number must as a rule be obtained which represents I imme- 
diately after anaerobic conditions have been imposed on the 
plant-tissue under experiment. In recent years F. F. Blackman 
and Parija have pointed a way to determining such a number. 
These workers asserted that for Bramley’s seedling apple they 
have actually succeeded in measuring I (they call this nitrogen, 
respiration or N.R.) and N (they call this oxygen respiration, or 
O.R.), as if the given apple were respiring simultaneously in 
nitrogen and in air. Having overcome the difficulty of the 

1 This term was in general use some years ago for respiration in the 
absence of oxygen, but became obsolete when it was realized that aerobic 
respiration also results from intra-molecular change. The old symbols 
are, however, retained for the convenience of the reader when he refers to 
monographs on respiration. 
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fluctuation of I with the duration of anaerobiosis they main- 
tained that from the ratio of I/N (or N.R./O.R.) so obtained 
inferences may be made about the effect of oxygen on the 
rate of COa-outpiit, 

A Bramley’s seedling apple in which the rate of aerobic 
respiration was slowly but steadily decreasing, was transferred 
to nitrogen at a time R^, when its aerobic respiration was equal 
to O^Ri (see fig. 34 ). Further measurements of COg-output 


NITROGEN AIR 


Oo rnz 


Rt Ra 77/^£- 

Fig. 34.— -Graphical representation of the aerobic- and the 
anaerobic-respiration of a Bramley’s seedling apple. The 
drawing is based on one of the figures given by Blackman 
( 19 ). 


were made at three-hour intervals, and it was found that the 
rate at which carbon dioxide left this bulky fruit was greater 
after three hours’ anaerobiosis than before the apple was placed 
in nitrogen. This rate increased for a further six hours, 
reached a value and then decreased at an apparently steady 
rate along After forty-eight hours in nitrogen, 

when the anaerobic respiration was equal to N2R2, the apple 
was again exposed to air, and the first measurement showed 
that the rate of liberation of carbon dioxide had decreased. 
Subsequently respiration fell to a minimum value 7^3, which 
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was lower than the value that would probably have- been 
obtained at the time of measurement had the apple never been 
through a nitrogen experience. The rate of this aerobic 
respiration then increased until it once more reached the air-line 
at L Apart from minor fluctuations, aerobic respiration then 
followed the air-line, ix,^ it decreased at approximately the 
same rate as before the nitrogen experience, and Blackman con- 
cluded that ‘Hhe nitrogen experience is at last, after a couple 
of days, a thing of the past which has left no permanent effect.” 

The results, which are graphically represented in fig. 34, show 
that by using the method of the older workers to evaluate I/N 
we should obtain different numbers were we to make com- 
parisons of I and N first over short and then over long periods. 
Moreover, the I/N ratio found after transferring from air to 
nitrogen would be different from that found after re-transferring 
from nitrogen to air. Blackman’s method, however, permits 
comparisons of I and N to be made at one and the same time Rj 
and at one and the same time Rg, although, actually, only N 
at Ri and I at R 2 are determined experimentally. I at Rg 
and N at R^ were found by extrapolation. 

Blackman postulated that the rate of COg-production by the 
flesh tissue at once increased when the apple was transferred 
from air to nitrogen, and that afterwards the rate of anaerobic 
respiration steadily decreased. It will, however, be observed 
from in fig. 34 that what was actually first found by 

measurement was a gradually rising rate of liberation of carbon 
dioxide through the skin of the apple. Blackman pointed out 
that the skin, which is covered by a thick cuticle pierced but 
sparsely by lenticels, would offer a considerable resistance to 
the diffusion of gas from the intercellular spaces within. 
Hence he concluded that for purely physical reasons it takes 
several hours for the full effect of changes in tissue-respiration, 
whether anaerobic or aerobic, on the COg-content of an apple 
to become equilibrated with the rate of diffusion of carbon 
dioxide through the lenticels. The curve between the points 
0| and in fig. 34 represents the fact that respiration had 
increased on transferring from air to nitrogen. But we can 
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deduce nothing else, as equilibrium between GO^-production and 
COj-escape was not reached until the rate of escape had risen 
to mi. Subsequently along mjNa there was a steadily falling 
rate of escape, ^ which was a true expression of the falling rate 
of anaerobic respiration of the flesh-tissue. Blackman inferred 
and this inference is the crucial point in his analysis, that 
anaerobic respiration had, since its inception, been decrksing 
at this same steady rate. Hence he concluded that the initial 
value of anaerobic respiration could be obtained by contin uing 
the curve N^mi back to Nj, i.e., whereas the curve repre- 
sents COa-escape as measured by experiment, the dotted curve 
NiWi represents the actual COj-produetion by the respiring 
cells. Plainly he had achieved his object of getting numbers 
for the aerobic and anaerobic respiration of a single apple at 
one and the same time ; for at the time Ri aerobic respiration 
was by experiment found to be OiRi, and anaerobic respiration 
was evaluated as NiRi by extrapolation from the curve obtained 
by experiment for subsequent anaerobic respiration. 

The events that occurred on returning the apple to air 
from nitrogen were subjected to a similar form of analysis. At 
the time Rg it was supposed that when aerobic respiration 
replaced anaerobic respiration the rate of COa-production by 
the flesh-tissue immediately decreased. But owing to the 
barrier to diffusion imposed by the skin, some of the 
residual carbon dioxide produced during the last hours of 
anaerobiosis would still be present in the intercellular spaces. 
Hence, immediately after returning the apple to air, the 
COss-escape was higher than the actual COj-production by 
aerobic respiration, and Njmj virtually represents the escape 
of this residual carbon dioxide. Equilibration between CO^- 
production by aerobic respiration and COa-escape began at 
ma, and m^l represents the trend of the gradual increase in 
aerobic respiration that occurred from its initial low value at 

the time Ra. A number (OaRj) for the actual aerobic respiration 

of the flesh-tissue at the time Rj was obtained by continuing 

respiration decreased more 
theairJ^^cJ^oo^ouTJ^ iaS) ‘ more steeply than does 
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the curve iw 2 back to Og. Thus at the time Rg, Blackman 
found by experiment the number N 2 R 2 for anaerobic respiration, 
and by extrapolation from a curve obtained by experiment the 
number O2R2 for aerobic respiration. He therefore succeeded 
in evaluating the I/N ratio for a single apple at two distinct 
times, and found that this ratio was the* same whether it 
was calculated for the time or the time Rg, Le,, = 

For the season in which Blackman’s experiments 
were carried out the I/N ratio for Bramley’s seedlings of a 
quick-ripening class worked out at 1*3, and for a slow-ripening 
class at, 1*5. 

Using Blackman’s method, other workers have obtained 
ratios greater than unity for tomatoes and bananas. Thus, 
from the consideration of carbon dioxide alone, it appears that 
the rate of carbon-loss and dry-weight decrease is, in certain 
tissues, greater in the absence than in the presence of oxygen. 
It follows that for such tissues the ^presence of oxygen conserves 
respirable substrates A It was Meyerhof who, as a result of his 
work on respiration and glycolysis in yeast and muscle-tissue, 
first suggested that aerobic respiration should be regarded 
as a process that conserves the plastic substances in cells. It 
is true that organic metabolites are lost during aerobic respira- 
tion, but Meyerhof maintained that the loss is less than when 
aerobic respiration is stopped by cutting off the oxygen supply. ^ 

^ Most of the I/N ratios recorded by earlier workers are considerably 
less than unity. Many of them are so low that, if we calculate the total 
carbon-loss on the assumption that anaerobic respiration consists entirely 
of alcoholic fermentation, we find that the loss is greater in the presence 
than in the absence of oxygen. But doubt still exists concerning the 
significance of low ratios calculated from the results of these early experi- 
ments (see p. 275). We wait, therefore, for confirmation of these low 
ratios by workers who use Blackman’s method of extrapolation or sonoe 
other method by which I can be evaluated immediately anaerobiosis 
begins. There appears to be no reason, however, why we should not 
now accept ratios of unity or greater, as, for example, those which have 
been reported for germinating pease and beans and for green grapes, as 
affording further evidence that I sometimes exceeds N. Had Black- 
man’s method been used even higher ratios might have been found for 
such tissues, 

® Aerobic respiration may also be stopped by low concentrations of 
hydrogen cyanide, and it has been shown that in animal cells, yeast, 
bacteria, and the higher plants, there is a greater loss of respirable 
substances in the presence than in the absence of cyanide. 
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In the apple and in other plant-tissues that produce ethyl 
alcohol during anaerobiosis, the amount of respirable substrate 
that disappears is considerably greater than is represented by 
the results of measurements of the production of carbon 
dioxide. In order to evaluate the effect of oxygen in coii- 
' serving carbohydrates in apple cells Blackman expressed sugar- 

IV loss in the presence and absence of oxygen in terms of carbon 

units, taking the amount of carbon lost by aerobic respiration 
as unity. Following this plan we may write for the quick- 
I ripening Bramley’S' : — 

I Carbon-loss by O.R. in air = 1 , .... . . (1) 

' Carbon-loss by N.R. in nitrogen = 1*3 

? Carbon-loss by alcohol-formation in nitrogen ^ = 2-08 

Total carbon-loss in nitrogen = 3*38 (2) 

From (1) and (2) it follows that, on the average, for every carbon 
unit lost by aerobic respiration, 2*38 carbon units, which would 
in the absence of oxygen be changed to alcohol or carbon dioxide, 
are conserved as respirable material. This is rather less than 
the conserving effect of oxygen found by Meyerhof for yeast 
and muscle-tissue. 

F. The Development of Recent Views concerning the Connection 
between Aerobic and Anaerobic Respiration 

The hypothesis that labile products of zymase^leavage may be 
oxidatively consumed. The idea put forward by Pfliiger that 
anaerobic cleavage is the first step in the aerobic respiration of 
animal tissues was developed for plant respiration by Pfeffer 
late in the last century. Pasteur and his pupils had earlier 
established that many plants when deprived of oxygen produce 
ethyl alcohol as well as carbon dioxide, and Pfeffer suggested | 

1 Fidler (45) found that only 80 per cent, (approximately) of N.R. in 
Bramley’s seedling apple results from alcoholic fermentation. Hence the 
carbon-loss due to the production of carbon dioxide is 0-8 x 1*3, ie., is 
equal to 104. Now the equation for alcoholic fermentation indicates 
that two -carbon units accumulate as alcohol for every carbon unit lost as 
carbon dioxide. Hence the carbon-loss by alcohol-formation in nitrogen 
;is.'2*08, ' 
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that the aerobic respiration of such plants might proceed in two > 
stages, viz., (1) anaerobic cleavage with .the formation of ethyl 
alcohol and carbon dioxide, and (2) oxidation of ethyl alcohol 
with the formation of further carbon dioxide and of water. 
This simple hypothesis was relinquished for several reasons, of ' 
which the most potent was and still is the fact that such experi- 
ments as have been performed indicate that plant- cells either 
cannot oxidize ethyl alcohol, or, if they can, do so far less 
readily than they oxidize the carbohydrate substrate from 
which the alcohol is derived. Many plant physiologists, 
however, still held that Pfluger’s idea provided the key to the 
elucidation of the chemistry of aerobic respiration.^ This 
view was strengthened by experiments which showed that 
aerobic respiration could be stimulated by subjecting certain 
plant-tissues to anaerobic conditions for short periods. On 
returning the tissues under experiment to air, aerobic 
respiration began again at a higher rate than before the 
period of anaerobiosis. This stimulation was attributed to 
the accumulation during anaerobiosis of cleavage-products . 
that were more readily oxidizable than the usual respiratory 
substrates. 

The separation of zymase first from yeast and later from the 
cells of higher plants, and the study of the properties of this 
enzyme in vitro^ paved the way for the modifications made in 
Pfeifer’s hypothesis by the Russian physiologists, Palladia 
and Kostytschew, in order to meet the difficulties that had 
led to its being set aside by so many physiologists. They came 
to the conclusion that alcoholic fermentation proceeds in 
stages, and that it is not ethyl alcohol that is produced and 
oxidized in -aerobic respiration, but some labile intermediate 


1 It would take us too far were we to attempt to follow^ the vicissitudes 
of Pfeifer’s hypothesis during the closing years of the nineteenth century. 
Pfeffer himself abandoned his hypothesis for reasons which he doubt- 
less would not later have considered valid. Those physiologists who 
decided that aerobic and anaerobic respiration were in no way connected, 
considered the latter either as a .pathological phenomenon with no 
biological meaning or as a biological adaptation when it took place under 
those rare natural conditions in which there is a shortage of oxygen (see 
Kostytschew S4)* 
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(1) Zymase is widely distributed in the cells of higher plants ; 
hence the fermentative component of anaerobic respiration may be 
attributed to the activity of this enzyme. 

(2) Studies on zymase in vitro show that the activity of this 
enzyme is in no way impaired by the presence of oxygen.^ Conse- 
quently it is reasonable to suppose that in living cells undergoing 
aerobic metabolism, carbohydrates will be acted on by zymase. 

(3) Ethyl alcohol, however, is never present in significant amounts 
in the cells of higher plants living under aerobic conditions. Hence 

1 It will be observed that this hypothesis only takes into account the 
fermentative component of anaerobic respiration. Even at the present 
day there is insufficient experimental data to warrant the extension of the 
hypothesis so as to include anaerobic cleavage processes other than those 
governed by zymase. 

* It may be noted here that Thomas has since found that fermentation 
takes place in the tissues of higher plants surrounded by air containing 
hydrogen cyanide or hydrogen sulphide or carbon dioxide in high 
concentrations. This finding indicates that the activity of the zymase 
enzyme in vivo is not impaired by molecular oxygen* We have no evidence 
yet concerning the effect of active oxygen on the activity of zymase. 
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Fig. 35.^ — Schematic representation of Kostytschew’s views 
concerning the chemistry of respiration (see text). 


The evidence that was gathered and the inferences that were 
made before this hypothesis was formulated may be summarized 
thus : 


product of zymase cleavage. This modified hypothesis^ is 
schematically represented in fig. 85. 
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it follows that if zymase-cleavage occurs under these conditions either 
ethyl alcohol or one of its precursors must be consumed as soon as 
it is produced. Clearly this must be an oxidative consumption, 
seeing that ethyl alcohol accumulates when the oxygen-supply is 
cut off. Both Palladin and Kostytschew attributed this consump- 
tion entirely to the oxidation of this intermediate compound to 
give carbon dioxide and water (but see the next sub-section). 

(4) The Russian physiologists agreed that such evidence as was 
available from feeding experiments (p. 218 ) indicated that ethyl 
alcohol is either not consumed in air by the cells of higher plants, or, 
if it is consumed^ not at a sufficient rate to warrant its being regarded 
as an intermediate product of aerobic respiration. Hence they 
concluded that oxidation is incident upon one or more of the pre- 
cursors of ethyl alcohol in the chain of intermediate products formed 
in zymase-cleavage. 

In support of his hypothesis Kostytschew professed to have 
demonstrated that a mixture of products formed by the 
fermentation of sugar by yeast stimulated the aerobic respiration 
of wheat seedlings. He realized, however, that further considera- 
tion of the hypothesis would have to be deferred until more was 
known about the chemistry of zymase-cleavage. Harden and 
Young had already proved that a hexosephosphate ^ is the first 
product formed when hexose is fermented, but it was essential 
to know what substances are produced in the later stages. 

Kostytschew himself obtained evidence from his experiments 
on yeast and on poplar flowers that acetaldehyde might be the 
immediate precursor of ethyl alcohol. During the last fifteen 
years much significance has been attached to the results obtained 
by Neuberg in his beautiful researches on what is now called the 
zymase-complex, and on the chemistry of yeast fermentation 
and of the anaerobic respiration of higher plants. Neuberg’s 
researches point to the following sequence in the production of 
ethyl alcohol by zymase-cleavage : hexose or hexosephosphate 

3. Recent work suggests that one or more hexose-monophosphates are 
produced. Meyerhof has stated that in the presence of yeast-cells there 
results an equilibrated mixture of the glucose-monophosphate and the 
fructose-monophosphate. There is good evidence that in the latter ester, 
phosphoric acid is combined with the active 7-fructose (i.e,, the furanose or 
butylene-oxide variety of fructose). For the formation of hexose-phos- 
phates it appears that the phosphatase component of zymase, and the 
organic and inorganic components magnesium ions) of co-zymase, 
must be present. We note that if zymase-cleavage precedes oxidation in 
aerobic respiration, the presence of phosphates and magnesium ions are 
essential for this vital function (p. 84 ). 
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methyl-glyoxal pyruvic acid — > acetaldehyde (with the 
liberation of carbon dioxide) — >• ethyl alcohol. Meyerhof {96) 
has, however, quite recently cited evidence for an alternative 
sequence in which phospho-glyceric acid is regarded as the 
cleavage product of hexosephosphate and the precursor of 
pyruvic acid. It appears to be well established that a variety 
of compounds containing three carbon atoms ^ may result from 
zymase-cleavage, and may have at least a transient existence in 
fermentation and respiration. Further discussion is not called 
for here, as so little is known about the oxidative metabolism 
of such compounds. As regards acetaldehyde, however, the 
evidence marshalled below points to its being one of the 
labile substances postulated by Palladin and Kostytschew : — • 

(1) Several workers have reported that acetaldehyde may accumu- 
late with ethyl alcohol in the anaerobic respiration of higher plants 
(p. 258 ) . 2 Neuberg succeeded in increasing the yield in the anaerobic 
respiration of pea meal by fixing the acetaldehyde with sodium 
sulphite, and thus ’ obtained strong presumptive evidence that 
acetaldehyde is a precursor of ethyl alcohol in the anaerobic respira- 
tion of higher plants. (For the significance attaching to fixation- 
methods, see p. 214.) 

(2) Tissues in which acetaldehyde accumulates when oxidations 
are inhibited through lack of oxygen or through the action of certain 
poisons, never contained acetaldehyde when they were living under 
normal aerobic conditions. If we accept the evidence that zymase- 
cleavage occurs under aerobic conditions, the alternative inferences 
are (a) that acetaldehyde undergoes oxidative consumption as soon 
as it is produced, or (&) that acetaldehyde is never produced in air, 
because one of its precursors is oxidatively- consumed. 

(3) IQein and Pirschle maintained that they established that 
2 (a) is true when they succeeded in fixing acetaldehyde as 
acetaldomedon by supplying tissues of higher plants respiring in 
air with dimedon (p. 215). 

(4) Kidd and Trout have reported that acetaldehyde is oxidatively 
consumed when supplied to the orange or the apple early in the 
storage season. 

Oxidative Anabolism. The hypothesis of the Russian physio- 
logists has in recent years been extended by F. F, Blackman in 

^ Glycerol is mentioned as another compound which accumulates in 
special forms of zymase cleavage. The formation of lactic acid requires 
that the enzyme, methyl-glyoxalase, shall be coupled with zymase. ’V^en 
this happens, methyl-glyoxal may be changed to lactic acid. 

® Thomas discovered that inhibition of oxidation systems by hydrogen 
cyanide or hydrogen sulphide or carbon dioxide may bring about the same 
result, viz., the accumulation of acetaldehyde as well as of ethyl alcohol. 
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order to explain the results of Parija’s experiments with apples, 
described in section G, It will be recalled that, in the presence 
of oxygen, respirable material appeared to be conserved. In 
the Bramley’s seedling apples, for every carbon unit lost by 
aerobic oxidation, 2*38 carbon units were protected from 
zymase-cleavage to carbon dioxide and ethyl alcohol. Black- 
man pointed out that this protection was effective in spite of 
the fact that the activity of zymase was in no way impaired by 
the presence of oxygen, that the rate of zymase-cleavage 
in air was not less than under anaerobic conditions.^ The^.. 
inference he made was that in the presence of oxygen a fraction 
of the labile intermediate products of zymase-cleavage {e,g, 
methyl-glyoxal, pyruvic acid, and acetaldehyde) does not 
undergo oxidation by oxygen respiration {ix.^ aerobic respira- 
tion), but is oxidatively consumed in some other way. He used 
the term oxidative-anabolism to describe this second possible 
fate of these labile products, but did not precisely specify what 

this .fate might be.^ He pictured oxidative-anabolism as a 

' ■ ' , ' ' 

\A Actually, he interpreted Parija’s data as showing that zymase- 
xleavage occurred more rapidly in air. This he attributed to the more 
rapd activation of hexoses in the presence of oxygen. He postulated that 
actiy^ion is a preparatory stage to zymase cleavage (see his scheme, 

p^6). 

Meyerhof had earlier reported that carbohydrates in yeast and the 
muscle-tissue of warm- and cold-blooded animals are cleaved in air by a 
process that is often termed glycolysis,* and that the greater part of the 
products of glycolysis are oxidatively reconverted into carbohydrates. 
Meyerhof considered that this curious cycle was dependent on the ener^ 
liberated by the aerobic oxidation of carbohydrates. When aerobic 
oxidation was inhibited by cutting off the oxygen-supply or by hydrogen 
cyanide, the products of glycolysis accumulated as the energy supply was 
lacking for them to be changed back into carbohydrate. Hence, on balance 
considerably less respirable carbohydrate was lost by aerobic respiration 
than by anaerobic glycolysis or by glycolysis in the presence of cyanides. 
Meyerhof calculated that in muscle for every molecule of carbohydrate 
oxidized, five molecules of carbohydrate were virtually preserved as 
respirable substrate by the reconversion of lactic acid (which is the product 
of glycolysis in muscle) into carbohydrate. For wild yeasts, and the culti- 
vated baker’s and brewer’s yeasts, he concluded that aerobic respiration 
protects carbohydrates from fermentation. The protection is complete 
in the wild yeasts, but only partial in the cultivated yeasts. It should be 
noted that this effect is on living yeast-cells and not on zymase separated 
fromyeast.. , . • ' ' , 

* Fermentation is a particular form of glycolysis and is sometimes 
described as zymasis. 
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process which is coupled with and dependent on oxygen- 
respiration, and schematically represented his views as in 

In conclusion, it must be stated that the question of this 

building-back of pro- 
ducts of glycolysis is 
still under criticar con- 
sideration, The one 
fact that appears to be 
definitely established is 
that in many tissues, far 
more carbohydrate dis- 
appears in unit time 
when oxidations are 
inhibited than when 
aerobic respiration is in 
progress. Clearly it is 
important to ascertain 
not only what cleavage- 
products can be oxidized 
to carbon dioxide and 
water, but what 
cleavage - products can 
be built back again into 
carbohydrates, or other- 
wise oxidatively changed. 
It is already well known 
that green tissue can 

tation of his views concerning the eon- synthesize carbohydrates 
nection between the anaerobic- and fj.™ alvcerol R) 

aerobic-respiration of carbohydrates. svCcroi (p. ziisj, 

and Sabalitschka has 
reported that he induced starch-formation in leaves of Elodea 
by feeding them with weak acetaldehyde in the dark. 

On the oxidative consui/nption of carbohydrates' tvithout zyrnase-^ 
cleavage. There have always been critics of the view that 
fermentative cleavage of carbohydrates necessarily precedes 
oxidation in aerobic respiration. Such critics can make a 


HYDROLYSIS 


( NORMAL HEXOSE ) 


ACTIVATION 


(heterohexoses) 


OLVCCLYSIS 


METHYL CLYOXAL, ETC. 


RESPIRATION 


OXIDATIVE 

ANABOLISM 

(OA) 


CO2W 


A 

A A 

(reserve 

carbohydrate) 







AEROBIC AND AN AEROBIC RESPIRATION 287 


strong case at the present day, for Lundsgaard has discovered 
that sodium iodoacetate completely inhibits zymase activity 
in cultivated yeasts, but that the oxygen-uptake associated 
with the aerobiq respiration of this fungus is hardly affected. 
He naturally inferred that the oxidations that follow 
oxygen-uptake in yeast are not necessarily concerned with 
products of zymase-cleavage. The results of later experi- 
ments, in which tissues of the higher plants and of animals 
were used, indicated that in a wide range of tissue-types 
oxygen-uptake may continue when glycolysis has been 
inhibited.^ 

Muller and others have reported that yeasts and certain 
mould-fungi contain oxidases that can effect the direct aerobic 
oxidation of certain sugars, and that these oxidases are insensi- 
tive to sodium iodoacetate. Thus in Aspergillus niger there is 
a glucose-oxidase which takes part in the oxidation of glucose to 
gluconic acid. Further, Saccharomyces marxianus and Saccha- 
Tomyces exiguus do not contain maltase, and consequently 
these yeasts cannot ferment maltose. But when these 
yeasts are grown on maltose, they absorb oxygen and 
give out carbon dioxide. Consequently it has been inferred 
that they contain a maltose-oxidase, which oxidizes maltose 
directly. 

It must thus be admitted that we now possess strong evidence 
of the oxidation of carbohydrates without zymase- cleavage, 
and of the existence of oxidase enzymes that may effect the 
direct oxidative cleavage of carbohydrates. It is not yet 
established, however, that under normal conditions oxidation 
of labile intermediate products of zymase-cleavage cannot occur 
as well. 


^ It has been reported that sodium bromacetate is as poisonous as sodium 
iodoacetate to zymase ; the chloracetate is less toxic. Trichloracetic acid 
and d-iodopropionic acid are weaker inhibitors of zymase activity. It 
appears that inhibition is due to the action of the poison on the co-zymase 
component of the zymase complex. Consequently phosphorylation, which 
leads to the production of the hexose-phosphate substrate^ for glycolysis, 
cannot take place. The glycoiase component of zymase is not ane<rted, 
for hexosephosphates added to yeast are cleaved in the presence of these 
poisons. ': ' 
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G. Oxidizing Systems in Living Cells ^ . 

In neutral aqueous solution, carbohydrates and zymase- 
cleavage products are not oxidized at an appreciable speed by 
molecular oxygen, i,e., they do not act as autoxidizable sub- 
stances. Hence it follows that under conditions which exist 
in living cells these respirable substrates lose their stability 
towards oxygen. Consequently the properties of the oxidizing 
I systems that occur in living cells have aroused great interest, 
and much work has been done to elucidate the nature of the 
enzymes that can activate either molecular oxygen or oxidiz- 
able substrates, and of the substances that can act as carrier 
or acceptor substances. ^ 

The general properties of oxidizing enzymes have already 
been discussed (p. 86), Here we shall consider certain recently 
expressed views concerning the activity of oxidizing enzymes 
in respiratory oxidations.^ 

^ For further information see Dixon Ul), Keilin (76 and 77), Onslow 

{ 102 ), ^ . 

2 We shall point out later that Palladia held that respiratory pigments and 
that Keilin holds that cytochromes, a, b, and c, act as carrier or acceptor 
substances. We note here that the tripeptide, glutathione, which has been 
detected in proliferating plant-tissues, may act as an intermediate carrier 
in certain oxidations. It can exist in a reduced form (G-SH) or in an 
oxidized form (G-S-S-G). Labile hydrogen (p. 39) may be transferred 
from an oxidizable substrate (AH 2 ) to the oxidized glutathione, which 
would thereby be reduced, the substrate being oxidized : 

AH 2 -f G-S-S-G A + 2G-SH. 

The reduced form can be directly oxidized by molecular oxygen, provided 
traces of iron salts are present in the reacting systems. As no evidence 
exists that glutathione takes part in the oxidation of carbohydrates, we 
shall not consider further the properties of this substance. 

® Since oxidations other than respiratory oxidations occur in living cells 
(p. 263), it follows that all oxidizing enzymes are not necessarily concerned 
with respiration. Thus Raper has shown that when tyrosinase acts on 
tyrosine in the presence of air, oxygen is absorbed, and a second hydroxyl 
group is introduced into the tyrosine molecule. Hydroxylation of this kind 
W'ould not be a respiratory event. Consequently the enzymes concerned 
would not be acting as respiratory enzymes. The same remarks apply to 
tyrosinase when it governs oxygen-uptake and pigment-formation in 
certain developing tissues (e.g., the spotted leaves of Arum macuiatunh 
the black and white flowers of Vida f aba) and to the direct oxidases when 
they bring about the oxidation of phenols after injury (see p. 264). It is 
possible, however, that the given enzyme may function at one time in 
respiration and at another in some other oxidative change. 
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Warhurg^s respiratory enzyme. In recent years Warburg 
has strongly urged that the activation of molecular oxygen is a 
necessary preliminary to those respiratory oxidations that are 
accofipanied by oxygen-uptake. He has attributed this 
f activation to the properties of a single respiratory enzyme, 
and has portrayed this enzyme as a sort of organic colloidal 
nficella containing iron. He held that the function of the 
iron is to activate the oxygen (see (i.) below), and that the 
oxidations subsequently occur on the surface of the micella 
(see (ii.) below). 


X.Fe (respiratory enzyme) + 0^ = X.Fe.02 * . . (i.) 

2A (respirable substrate)+X.Fe.02=2A0-f X.Fe . . (ii.) 

» He obtained evidence that such a catalytically active complex 
containing iron is present in the respiratory system of living 
cells. Thus he found that the extent to which cell-respiration 
is inhibited by narcotics (^.g., phenyl urethane) is proportional 
to the amount of narcotic which is adsorbed on the intra-cellular ^ 
i surface, and concluded that respiration is a surface-reaction, 

* Noyr it has long been known that hydrogen cyanide and 
hydrogen sulphide inhibit (a) chemical reactions that are 
1 catal;|zed by heavy metals (including iron), and (b) cell-respira- 
i tion ^s judged by oxygen-uptake. Warburg’s quantitative 
I expeMments showed that these poisons had inhibitory effects 
^ whicl were far greater than copld be accounted for by surface- 
’ inactivation. Thus hydrogen cyanide in M/10,000 solution 
mark|dly depressed respiration. Warburg concluded that such 
^ depression is due to the fact that cyanides and sulphides combine 
with the iron in the respiratory enzyme, and thus prevent the 
metal* from taking part in the activation of oxygen. 

From the results of his investigations on the properties of 
different charcoals, Warburg adduced further evidence in 
, support of his view that respiration is a surface-reaction 
in which iron acts as a catalyst. He found that charcoals 
(^.g., blood-charcoal) containing iron and an organic nitrogen 
compound could, in aqueous solutions, catalyze the oxida- 
tion by molecular oxygen of amino-acids and oxalic acid, 

10 
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He also showed that catalysis by these cell-models was inhibited 
by narcotics proportionately to, and by cyanides out of all 
proportion to, the surface occupied. 

The fact that carbon monoxide inhibits cell-respiration 
suggested to Warburg that the respiratory enzyme is a h^matin 
derivative,^ for these derivatives form additive compounds 
with carbon monoxide. It appears that these additive com- 
pounds of hsematin are dissociated by light. Hence great 
significance attaches to Warburg’s discovery that the respiration 
of yeast-cells, which had previously been depressed by treatment 
with carbon monoxide, was restored to full activity by illumi- 
nating the cells. By showing that only those wavelengths 
of light that correspond to the absorption-bands in the CO- 
hsemochromogen spectrum can thus restore respiration, 
Warburg established beyond reasonable doubt that hsematin 
derivatives play a part in the respiratory mechanism. 

^ ^ It is widely accepted that there is present in living cells an 

oxidizing enzyme of the kind that Warburg has so thoroughly 
' investigated. But it is not generally agreed that this active 

I system containing hsematin provides the only enzyme that 

i plays a part in respiratory oxidations. 

^ „ Aerobic and anaerobic dehydrases* The work of Thunberg and 

others has in recent years provided much evidence that 
Wieland’s views on oxidation by dehydrogenation are applicable 
to respiratory events in living cells. It is supposed (a) that 
labile hydrogen in a respirable substrate (AHa) is acted on by 
an enzyme that is now frequently termed a dehydrase, and 
(6) that this activated hydrogen may be transported to any 
hydrogen-acceptor (B) that has a higher affinity for hydrogen 
^ ^ than the affinity possessed by A. As a result of this transfer 
of the activated hydrogen, the hydrogen-donator, AHg, is 
oxidized by dehydrogenation to a substance A, and the 
hydrogen-acceptor B is reduced to BHg. 

' " (AHg + dehydrase) -f B — > A + BHg 

^ It should be noted here that hsematin derivatives contain iron and 
nitrogen in organic combination, the latter element being Joined to carbon 
in the constituent pyrrole rings. 
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In such oxido-reductions we shall refer to the system (AHg + 
dehydrase) as the dehydrase-system. It is important to realize 
that neither the substrate AHg alone nor the dehydrase enzyme 
alone can reduce B. Reduction of B requires the presence of 
both an oxidizable substrate and the proper enzyme. Plainly ” 
it follows that for the oxidation of a respirable substrate a i 
suitable hydrogen-acceptor must be present as well as the ■ 
proper dehydrase enzyme. 

It is known that purely chemical oxidations by dehydro- 
genation may occur both in the presence and absence of oxygen. 
Thus Wieland found that glucose in aqueous solutions containing 
palladium as a catalyst is, at room temperatures, oxidized by 
the molecular oxygen of the air. He also found that the 
oxidation proceeded anaerobically in the presence of quinone 
(CgH 402 ). This substance acted as a hydrogen-acceptor {Le.^ 
as an oxidizing agent) and during the course of the reaction 
was reduced to hydroquinone (CJIqO^)^ Wieland concluded 
that atmospheric oxygen acted as a hydrogen-acceptor in the 
aerobic oxidation. A point to notice is that hydrogen peroxide 
is probably the initial product when molecular oxygen acts as 
the acceptor of activated hydrogen. 

Researches on animal-tissues by Dixon and others indicate 
that dehydrase-sy stems in living cells belong to two classes. 
In the first class are included the systems that can co-operate 
directly with the molecular oxygen of the air. These are called 
aerobic dehydrase-sy stems. Tissues containing such systems 
absorb oxygen. This element' then acts as the hydrogen- 
acceptor of the labile hydrogen of the dehydrase-system. The 
reaction may proceed thus : — 


(AHg + dehydrase) + Og = A + HgOg 

The fate of the hydrogen peroxide may be twofold. First, it 
may be acted upon by peroxidase, which is universally present 
in living cells, and yield atomic oxygen. This intensely active 
form of oxygen may then effect various cell-oxidations. Some 
experimental support for this idea of the coupling of aerobic 
dehydrase-sy stems with peroxidase has already been obtained, 
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but we have no evidence yet that such coupled systems play 
a part in respiratory metabolism. Secondly, hydrogen peroxide 
may be acted on by catalase. This enzyme, also, is universally 
present in living cells. It has been suggested that catalase has 
the protective function of preventing the accumulation of the 
hydrogen peroxide (a cell-poison) produced during aerobic 
dehydrogenations. 

A point of great importance is that aerobic dehydrases do not 
show the sensitivity to cyanides that Warburg believes to be a 
property of his respiratory enzyme. This indicates that aerobic 
dehydrases are distinct from Warburg’s respiratory enzyme, 
ie., dehydrases are not micellse containing iron. Dixon and 
Elliot showed that (a) the oxygen-uptake of yeast was not 
completely inhibited by M/10 hydrogen cyanide, and {h) the 
maximum inhibition for animal-cells was, on the average, about 
60 per cent. They attributed the residual oxygen-uptake to 
the activity of aerobic dehydrase-systems. It appears therefore 
that, besides Warburg’s respiratory enzyme, there are other 
systems which play a part in respiratory oxidations. 

The term anaerobic dehydrase-system is used to describe the 
second class of dehydrase-system. Such a system cannot 
co-operate directly with the molecular oxygen of the air, 
molecular oxygen cannot act as the hydrogen-acceptor of the 
labile hydrogen in the system AHg plus anaerobic dehydrase. 
There must be present some substance with a higher affinity for 
hydrogen than that possessed by molecular oxygen. 

The presence of anaerobic dehydrase-systems is readily 
detected in cells by means of methylene-blue. It has long been 
known that this dye can act as a hydrogen-acceptor, and that 
under anaerobic conditions it ijs reduced to a colourless substance, 
leuco-methylene-blue. It is to Thunberg that we owe a 
beautifully simple method of testing for the presence of 
anaerobic dehydrases by the decolourizing of methylene-blue.^ 

^ It should be noted that methylene-blue may be substituted for oxygen 
in experiments with aerobic dehydrase-systems. Seeing that it is easier 
to follow an oxidation by observing the decolourizing of methylene-blue 
than by measuring oxygen-uptake, it is not surprising that Thunberg’s 
methylene-blue technique has been much used in quantitative researches 
on the activity of aerobic dehydrases. 
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He assembled the system containing methylene-blue in specially 
designed tubes from which air could readily be evacuated, and 
judged the activity of the dehydrase by the time taken for the 
blue colour to disappear. 

. It has recently been shown that anaerobic dehydrases 
are responsible for the oxidation of lactic acid to pyruvic acid 
in yeast, certain bacteria, and animal-tissues. This oxidation 
takes place anaerobically in the presence of methylene-blue ; — 

(Anaerobic dehydrase + CH 3 . CHOH. COOH) -f MB 
= CH 3 , CO . COOH + MBH 2 

As the lactic acid is not oxidized if molecular oxygen is substi- 
tuted for methylene-blue, it is concluded that the dehydrogena- 
tion is governed by an anaerobic dehydrase. A point to notice 
is that anaerobic dehydrases, like the aerobic dehydrases, are 
not inactivated by cyanides. 

Respiratory oxidations in aerobic organisms are always 
accompanied by oxygen-uptake. The question arises whether 
such oxidations are in any way related to the activity of 
anaerobic dehydrase-systems. Before this question can be 
profitably discussed, we must consider the properties of certain 
cell-substances which may be connecting links between these 
dehydrase-systems and systems under the control of Warburg’s 
reipjii^atory enzyme. 

cytochrome system. Keilin discovered by spectro- 
scopic methods that three closely allied substances, which he 
. named cytochromes a, and c, were present in all the living 
cells he examined. It appears that, in the presence of oxygen, 
these for^s of cytochrome exist in an oxidized state. When, 
however, the supply of oxygen is cut off, they are rapidly 
reduced.^ It is a simple matter to recognize the processes of 
oxidation and reduction, as the absorption spectrum of the 
reduced forms contains four distinct bands which are not 
present in that of the oxidized forms. 

^ To examine the spectrum of reduced cytochrome, place a flat-sided 
vessel containing a yeast-suspension in an aqueous^ solution of sodium 
hydrosulphite, between a source of bright light (e.g., light of the arc-lamp) 
and the spectroscope. The yeast-suspension should haVfe the consistency 
of a paste. 
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Keilin has investigated certain well-known oxidations, 
brought about by animal-cells and yeast, in which anaerobic 
dehydrases are believed to play a part, and there is a con- 
tinuous uptake of oxygen. The results obtained indicate that 
cytochromes a and c act as intermediate carriers of hydrogen. 
Keilin’s view is that oxidized cytochrome acts as a hydrogen- 
acceptor of the labile hydrogen in an anaerobic dehydrase- 
system. As a result all the cytochrome tends to pass into the 
reduced form*. 

(AHg + anaerobic dehydrase) + Cyt = A + CytHg 

Thus in the presence of phenyl-urethane, oxidized cytochrome 
cannot be reduced owing to the fact that dehydrases are 
inhibited by indifferent narcotics. 

Were there no mechanism in the cell for re-oxidizing reduced 
cytochrome, this intermediate carrier would remain in the 
■ J reduced state. We have already seen that this happens under 

1 1 anaerobic conditions, and we shall point out below that this also 

. 1 1 happens under aerobic conditions in the presence of cyanides. 

‘ || Under natural conditions, however, cytochrome exists in 

aerobic organisms partially, at least, in the oxidized form. 
Now it appears that cytochromes a and c are not autoxidizable 
substances ^ ; hence we cannot attribute the re-oxidation of 
such cytochrome as has just been reduced during the dehydro- 
genation of a metabolite to the direct action of the molecular 
oxygen that has been absorbed from the environment. It is 
at this stage, according to Keilin, that the system governed by 
Warburg’s respiratory enzyme plays its part in respiratory 
metabolism. He believes that the function of this enzyme is 
not, as Warburg has stated, to co-operate with oxygen in 
bringing about the oxidation of respirable substrates, but to 
co-operate with oxygen in the oxidation of reduced cytochror ^e : 

CytHg + (Warburg’s respiratory enzyme + Og) == Cyt -J- H2O2 

^ (a) We note in passing that cytochronae 6 differs from the other 
components in being an autoxidizable substance, (b) There is evidence 
that all tlie of cytochrome belong to the chemical class of com- 
pounds disU bed as haemochromogens. Attention is again directed to 

npoT rin compounds in cell-events. 
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The regenerated oxidized cytochrome can then once more act 
as the hydrogen-acceptor in an anaerobic dehydrase-system. 
Plainly the contention is that respirable substrates are oxidized 
by dehydrogenation when the complete complex cytochrome- 
■ system is active. 

Keilin does not use the term respiratory enzyme for the 
system that governs the oxidation of reduced cytochrome. 
He refers this oxidation to the activity of indophenol-oxidase 
in animal cells and yeast, and to catechol-oxidase in the higher 
plants.^ 

CytHg + (indophenol-oxidase -f Og) = Cyt -f H2O2 

The fact that indophenol-oxidase and catechol-oxidase are 
inhibited hj cyanides and sulphides accords with this view, 
seeing that the cells treated with cyanides or sulphides cannot 
under any conditions oxidize reduced cytochrome. Still 
stronger evidence was obtained when Keilin succeeded in 
oxidizing reduced cytochrome c by means of the indophenol- 
oxidase of yeast. 

The aerobic oxidation of succinic acid to fumaric acid provides 
an example of an oxidation by the complete complex of the 
proper dehydrase, cytochrome, and indophenol-oxidase.® This 
t continuous oxidation would, according to Keilin, proceed in the 

following stages : — 

(a) Aetivationof hydrogen in succinic acid by anaerobic dehydrase. 
This continues as long as the succinic acid remains in the reacting 
system. 

(b) Transfer of the activated hydrogen to oxidized cytochrome, 

^ But see p. 297 for a criticism of Keilin’s theory as applied to the higher 
plants. . . - 

2 The name succinoxidase was at one time given to this particular 
complex. Experiments showed that whereas the action of this oxidase 
was inhibited by cyanides when molecular oxygen was used as hydrogen- 
acceptor, succinic acid could be oxidized in the presence of cyanides when 
mefiiylene-blue was used as the acceptor. This difference can now be 
rei^ dily explained. Methylene-blue virtually replaces the complex system 
[cytochrome, indophenol-oxidase, and molecular oxygen] ; hence the oxida- 
tion is brought about by the dehydrase-system, w^hich is insensitive to 
cyanides, coupled with the methylene-blue. The aerobic oxidation, how- 
ever, depends upon the activation of the oxygen which is absorbed, and this 
activation requires the presence of active centres of iroii in the indophenol- 
oxidase. Gyanides inactivate these centres, and as a r nit the aerobic 
" oxidation of succinic acid is inhibited. 
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which is thereby reduced. The siiceliiic acid would be oxidized by 
dehydrogenation to fumaric acid. 

(Anaerobic dehydrase + COOH . CHg . CH^ , COOH) -f Cyt 
= COOH . CH : CH . COOH + CytH^ 

This reaction would continue as long as some oxidized cytochrome 
remained in the reacting mixture. 

(c) The oxidation of reduced cytochrome by oxygen acting with 
indophenol-oxidase. The regenerated oxidized cytochrome then acts 
again as in (b) on the activated succinic acid produced as in (a). 
It is possible that during the oxidation of reduced cytochrome* 
hydrogen peroxide may be produced. This compound, however’ 
will not accumulate, as catalase is also present in the tissue.^ 

Summary and general conclusions, ' Dixon (41) has given 
(hg. 37) a clear summary of the activities and relations of the 
various oxidation enzymes we have mentioned. In the light 
of what has been written in this section, the footnotes to the 
schema are suflficiently explanatory. 


Fig. 37.— Dixon’s schematic representation of oxidizing systems. 

S = substrates, i.e., organic substances undergoing oxidation. 

D = anaerobic dehydrases. 

Do == aerobic dehydrases. 

P = peroxidases. 

Cat =? catalase. 

InO = indophenoi oxidase = respiratory enzyme. 

C = cytochrome. 

^>-1^1 C reads “A, being activated by the enzyme B, reacts with C.” 

A— [?] —»>€ reads “ A, under the influence of B, is converted into C.” 

Peroxidase may also act on the hydrogen peroxide to yield active 
oxygen (c/. p. m), 
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^ In recent years many additions have been made to our 
knowledge of cell-oxidations, but it has not yet been proved 
that systems such as Keilin’s cytochrome-system, or, indeed, 
any of those included in Dixon’s seheiha, play a part in the 
oxidation of carbohydrates by green plants. Thus Onslow 
raised the powerful objection to Keilin’s as a universal system, 
that whereas respiratory oxidations take place in all living cells, 
catechol-oxidase, which Keilin regarded as being functionally 
equivalent to the indophenol-oxidase of animal-cells and yeast, 
only occurs in about sixty per cent, of the higher plants.^ 

^ The researches of Genevois (49) and Thomas {unpublished 
work) show that systems sensitive to cyanides and sulphides 

take part in the respiration of the higher plants Genevois found 
that the respiratory-quotients of many plant-tissues in which 
carbohydrates formed the respiratory substrate rose above 
unity when the tissues were treated with hydrogen cyanide. 
He inferred that cyanides induced fermentation in these tissues. 
Thomas demonstrated the production of ethyl alcohol and 
acetaldehyde in certain plant-tissues (e.g., the flesh-tissue of an 
apple) which were respiring in air containing the vapour of 
hydrogen cyanide or hydrogen sulphide ® (see p. 258 for an experi- 
mental method of demonstrating HCN- or HaS-zymasis). A 
simple interpretation of these findings is that the activity of 
the oxidation-system that causes products of zymase-cleavage 
to be consumed is depressed by cyanides and sulphides more 
than is the activity of zymase. Consequently products of 

1 A similar objection was raised some years ago to Palladin’s vieTO on 

the mechanism of respiratory oxidatioM. 

consulted for details. In brief, Palladm supposed (1) that respirable 
metabolites were oxidized by dehydrogenation, what 
pigments acting as hydrogen acceptors ; (2) that the P^Smente wer 
thereby reduced to substances which he described as chromogens ; (3) that 
these Siromogens were catechol compounds; W 5 

under the influence of oxidase enzymes dehydrogenated Ac ctomo^s and 

the respiratory pigments were thereby regenerated, and (»uld ” 

“ hXgen icceptoTS. There is evidently some similarity between the 
views put forward by Palladin and those that have developed as a result 

°^2*Thomas lias also found that carbon dioxide in *“8^ concentrations 
may have much the same effect as cyanides and sulphides on plant 

respiration. 
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zymase-cleavage accumulate, and more carbon diojjide is 
produced than can be accounted for by aerobic respiration. 
It is an interesting fact that the activity of peroxidase, -which 
is the only oxidation-enzyme that is known to be uni-versally 
present in plant-cells, is inhibited by cyanides, sulphides, and 
carbon dioxide. But we have no evidence that peroxidase 
takes part in cell-respiration. Nevertheless the idea that 
peroxidase-systems may link with other enzymic systems 
(pp. 38 and 296) is suggestive. 

Whether cytochrome plays a part in the respiration of the 
higher plants must be left an open question. Those who 
assume that it. does are confronted with the task of demon- 
strating the presence in all species within this group of organism? ’ 
of a cyanide-sensitive system that can co-operate with molecular 
oxygen and oxidize reduced cytochrome. 

A note on the respiratory enzymes concerned with the produc- 
twn of carbon dioxide. None of the enzyme systems discussed in 
this section are directly responsible for the production of the carbon 
dioxide set free in aerobic respiration. .These systems, however 
may play a part in oxidizing sugars or cleavage products of sugars 
to carboxylic acids, which may then act as substrates for a different 
class of enzymes. Thus it is probable that oxidation enzymes plav a 
pa,rtm the formation of pyruvic and other n-ketonic acids in livLg 
cells, and it is known that such ketonic acids are decarboxvlated 
by the enzyme carboxylase. If this production of carbon dioxide 
IS a respiratory event, carboxylase must be included among the 
respiratory enzymes. It must be confessed, however, that it is not 
yet known at what stage or stages carbon dioxide is split off in the 
aerobic respiration of carbohydrates. 
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CHAPTER XV 


GROWTH 

A. Primary Growing Regions 

Growth may be defined as a perinanent_change_in_yQli^e5 
w hich is usually accompan MTizIij 
definition is applicable to diminution in 
in the contractile roots of the common a 
as to the increase in 
associated. We sha 

members that increase in length as they grow, 
such facts as have been won by microscopical observation and 
experiment, with a view to indicating that growth and develop- 
ment are the result of the complex interplay of many metabolic 
and bio-physical processes in the regions where cells multiply, 
enlarge, and differentiate. 

Primary meristematic regions. These formative tissues, 
composed of nori-vacuolated living cells (fig. 38, a), are located 
at' root-tips and shoot-apices. They are centres of intense 
metabolic activity {cf. p. 179) where food-materials are 
(a) assimilated to form new protoplasm (the specific synthesis 
of proteins, lipoids, nucleic acid, etc.), and (b) oxidized in 
respiratory processes which provide energy for the anabolic 
events indicated in (a). The increase in the amount of proto- 
plasm is accompanied by mitotic nuclear division, and cell- 
Jo bv the formation of new cell-walls, which 


,,diange_.in_iQJ3n. This 
i volume, such as occurs 
arum and crocus, as well 
tiich growth is generally 
confine our attention to 
and summarize 
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ce Is swell owing to the imbibition of water by the protoplasmic 

gGlS* 


negiam of primary enlargement. These regions are readilv 
reeo^iized by making marks with Indian ink on the growing 
member and observing where the marks separate during 
gro^h (e.g., fig 39 ). in a root the region of enlargement if 
localized near the tip, but in a stem it is more extensive and 
may be distributed over several internodes below the apex In 
certain monocotyledonous leaves (e.g., onion leaves) groirth is 
confined to basal portions, but in most leaves it is moredistri- 

In these regions new cells, which 
i I liOTe been formed in the meristems, 

I i ^^®“^ '^ater by imbibition and osmosis^ 
a I j to the plastic extensibility of 

I I the cell-walls, undergo turgor-expansion 
I I ^“‘Jl^ecome vacuolated (figs. 38, S and c). 

5 Expansion continues until the suction 
I pressurebeeomes zero, and is accompanied 
I by the intercalation in and deposition on 
I pre-existing lamellae of new cell-wall sub- 

- I ®t“oes. Thus carbohydrate metabolism 

6 c P%s a noteworthy part in primary en- 

Fiq. 38.~(See text,) largcment. Respiratory oxidations pro- 

stances are synthesized. i?Sshh?g''fuftbrprtssl^^^^^ 

f^walls^sTiy^ resistance offered by the 

iUthough our knowledge of the causes of turgor-exnansion 

This It ' thrownrie'S Tn 

must deveibT iT^^* positive suction-pressures , 

must develop m non-vacuolated cells prior to enlargement ^ 

™'‘* P'"®’"'®- » will 

recaUed that when a cell in which imbibitional presses are 

S bv“tn;"" 

pt^„ ^hc r?1 “'i wall 

pressure. The hydrolysis of insoluble substances (e.g., 




starch) to yield crystalloidal solutions might, by increasing the 
osmotic pressure, initiate turgor-expansion ; and until recently 
it was widely believed that this is what actually happens. 
Unger, however, failed to demonstrate an increase in osmotic 
pressure. Consequently he attributed the increase in suction 
pressure, and the initiation of turgor-expansion, to a decrease 
in wall pressurj^ The fact that the plastic extensibility 
of cell-walls is a necessary condition for cell-enlargement 
has long been known. ^ ■ 

De Vries, by compar- /T 

ing the shrinkage in / f 

salt solutions and sub- J I 

sequent recovery in I 

water shown by grow- 

ing and mature parts | e | 

of varibus plant-m^^^ — ^ .L 

bers, ' obtained strcS^ ^ ■ Y 

evidence that the 
walls of young cells 

are more extensible ® L; 

than those of mature I 

cells. Recent workers [ 

attribute to Pig. 39. — The regions of primary enlargement 

(p. 828) the function in a root. 

of increasing the ex- 
tensibility of cell-walls, and, consequently, of promoting the 
growth of stems. 

JMutuTing pTiwury regions m In these regions cells differen- 
tiate to form the permanent primary tissue-elements. 
Maturation begins during enlargement and usually continues 
after turgor-expansion has ceased. Very varied forms of 
metabolism govern the specific processes of maturation (p. 179). 
The racial characters inherited by the individual, and the 
environmental conditions together determine the fate of the 
food-substances that are assimilated, and hence the forms 
that will be assumed by the developing individual. Aerobic 

respiration is, of course, vigorous. 
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B, Metamorphosis 

An adult organism, grown under any environmental condi- 
tions, will exhibit certain characters and modes of behaviour, 
whose appearance and development may be attributed to the' 
action of the internal factors that constitute the inheritance 
the individual derives from its parents. Nevertheless, identical 
twms grown under different environmental conditions may 
possess strikingly different characteristics. Thus environ- 
mental factors may affect the size, form, and orientation, of 
plant-members, or alter the rates at which the various phases 
m the life-cycle are passed through. For example, plants 
grown under arid conditions, in soils deficient in one or more of 
the essential elements in available form, at low temperatures, 
or imder other conditions unfavourable for growth, will, when 
fully grown, be stunted by comparison with plants of the same 
race which have grown under favourable conditions. The 
environment governs in part, therefore, the size attained by a 
plant. There is, however, a limit of size set by the inheritance 
beyond which the plant cannot grow even under optimum 
conditions. 


The term stimulus has already been defined (p. 5). The 
mode of action of some of the environmental factors that govern 
poi^h, development, and configuration, appears to conform 
to the requirements of that definition. Such factors may be 
described as formative and orientative stimuli The latter 
group will be considered in chap. XV, and a few examples 

of^the modifying effects of formative environmental stimuli 
will be given here. 


i The formation of chlorophyll is a metabolic event brought 
about by protoplasmic systems that are under the control of 
hereditary factors, but leaves of seedlings that have inherited 
these factors do not turn green if iron salts are not available in 
the environment. After comparing the yellow-leaved plants, 
which are called chlorotic plants, with normal plants grown in 
the presence of iron salts, one infers that iron salts constitute 
a formative chemical stimulus. In the presence of iron salts 



METAMORPHOSIS 


but in the absence of light from the blue- violet end of the 
spectrum, chlorophyll formation does not as a rule occur. 

Hence we infer that light acta as^^a^fom in the 

growth of green plants. Plants grown in the dark are described 
as etiolated plants, and, besides lacking chlorophylls a and h, 
exhibit other striking differences from normal plants. For 
example, in etiolated bean plants, grown, in absolute darkness, 
the plumule remains hooked, the lateral leaves do not develop, 
the inteiiibdes are relatively long, and^I several peculiarities of 
anatomical structure, such as the reduced formation of lignified 
tissue, and the presence of a Casparian band in the endodermis, 
have been reported (Priestley, 115 ), It is thus clear that 
many of the characters of a normal plant result from the inter- 
play between internal factors and the stimulus of light. Highly 
complex problems confront those who attempt to analyze the 
sequence of changes that are initiated by the perception of the 
stimulus of light, and lead to the development of so many 
different characters. 

Heat-energy often acts as an external stimulus. Thus the 
colour of the flowers of Primula sinensis var. rubra depends 
upon the temperature at which the flowers develop. At 
ordinary temperatures the flowers are red, and we infer that 
they carry an inherited mechanism that can lead to the forma- 
tion of anthocyanin. If, however, the plants are grown in a 
hothouse, the flowers produced are white. Clearly the 
behaviour of the inherited mechanism is governed by the 
temperature of the environment. 

Among other external stimuli that have a modifying influence 
during growth is the external moisture. This is shown in the 
growth of gorse . plants. Under moist conditions short leafy 
branches are formed, but under dry conditions spinous leaves 
and branches develop. 


C. A Note on the Causal Conditions for the Production and 
Perpetuation of Adaptations 

In analyzing growth phenomena we, are concerned not 
final or purposeful causes, but with proximate causes, and 
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//upon all plant-structures as the inevitable end-products of the 
reactions ' between inherited internal factors and significant 
environmental factors. The end-products may or may not be 
adaptations, i.«., members possessing external form or internal 
structure which render the whole plant peculiarly fit to survive 
in a particular environment. It should be realized that even 
when the use of the term adaptation is justifiable, it is not 
justifiable to assign as the cause of the formation or occurrence 
of any structure its importance to the plant as is so often 
done in sentences such as “the reason (or the production 
of chlorophyll is that plants require light-energy for photo- 
synthesis.” Chlorophyll formation is a complex event, and 
we do not yet know the nature of all the inherited internal and 
the necessary external causal factors concerned. What one 
may legitimately state is that “ as a result of chlorophyll ^ 
production, green plants absorb light-energy and carry out 
photosynthesis.” 

Nevertheless, such adaptations towards a given environment 
as are inevitably formed during the development of a given 
mdividual will have survival value for the race to which that 
individual belongs. The persistence of a race (e.g., gorse) in a 
specified environment (dry banks in the open) will be favoured 
because environmental factors and inherited internal factors 
will m every succeeding generation interact to produce grown 
plants (gorse bushes with spinous branches and leaves, and 
other xerophytic characters) which are adapted to conditions 
in that environment. 

Bearing in mind the intense competition in the field for 
space, light, etc., and the antiquity of existing plant-species, 
we are not surprised to find that thriving plants show growth 
forms and internal structures that may be described as 
adaptations to their environments. 

D. The Classification of the Functional Anatomical Systems 
in Plants. 

As a result of the interplay of factors of inheritance and 
environmental factors, tissue-systems are produced which 
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exercise functions in the welfare of the whole organism, and 
hence of the race to which it belongs. A classification of these 
functional systems is given below. ^ 

Metabolizing systems. All living cells are metabolizing 
systems they all respire), and the following different types 
are frequently distinguishable : — 

(a) The zygotes produced by the fusion of gametes. These are 
formative systems which can assimilate foods into their own kind of 
nucleated protoplasm. Nuclear division and cell-division follow, 
and new cell- wails ard formed. 

(h) Meristematic tissues (i.) primary meristems at apices of stem 
and root ; (ii.) secondary meristems, cambium, phellogen, and 
sometimes pericycle ; (iii.) reproductive tissue which gives rise to 
microspores and megaspores, and finally to male and female gametes. 

(c) Enlarging and differentiating tissues in any region. These 
are formative systems which assimilate and transform foods into the 
substances composing the structures of the permanent primary and 
secondary tissues. 

{d) (i.) Photosynthesizing tissues (any living tissue containing 
chioroplasts). Primarily these tissues manufacture sugars in the 
presence of light. They also manufacture from raw materials other 
food-substances independently of the direct influence of light, 
(ii.) Storage-tissues (vacuolated parenchyma of shoot and root, and 
sometimes of specialized parts such as seeds, tubers, rhizonies, 
corms, and bulbs). Here, carbohydrates, fatty oils, and proteins, 
accumulate singly or together, and are drawn on in a later phase 
of vegetative activity, (iii.) Feeding tissues. Two types may 
foe distinguished, viz., the nectaries of flowers, which function dn 
pollination ; and the parenchyma of fleshy fruits, which function 
in seed-dispersal. In both types metabolism leads to the production 
of the food-substances that attract the visiting insects or birds, 
(iv.) Secretory tissues. Glands secreting resins, ethereal oils, 
and mucilages, and the nectaries of flowers, may be regarded as 
specialized metabolic systems when they produce the secreted 
substances, (v.) Specialized nutritive tissue, e.g., tapetum, 
(vi.) Pigmented attraction tissues, in coloured members of in- 
florescences, whose flowers are pollinated by insects, and in coloured 
fleshy fruits. ' . 

Absorbing and eliminating systems, (a) The piliferous layers 
of roots. These absorb water and dissolved mineral salts and 
oxygen, and give off carbon dioxide. 

(5) Parenchyma with wet cellulose walls in contact with inter- 
cellular air. These absorb and eliminate matter in the gaseous state* 
The activities displayed depend upon the nature of the cells and the 
environmental conditions, (i.) Photosynthesizing tissues in the 

^ The classification has been developed from that proposed by 
Haberlandt {54). 
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light absorb carbon dioxide and eliminate oxygen, (ii.) Photo- 
synthesizing tissues in the dark and all other parenchyma in the light 
or the dark absorb oxygen and eliminate carbon dioxide, (iii.) Ail 
parenchyma abutting on intercellular spaces, and thinly cuticularized 
epidermal cells in contact with the outside air, eliminate water as 
vapour. 

(c) (i.) Superficial specialized glands and nectaries secrete water 
and substances in solution directly to the exterior, (ii.) Turgid 
unspeciaiized ceils or internal glands secrete water and substances 
in solution into intercellular spaces ; these liquids may then pass 
through ordinary stomata or specialized water pores to the exterior, 
(iii.) Mucilage-, oil-, resin-, and gum -passages, raphide-sacs, etc., 
serve as internal excretory reservoirs. 

Conducting systems, (a) In the conducting parenchyma of 
pith, cortex, medullary rays, xylem, phloem, and the bundle- 
sheaths of leaves, water and solutes in crystailodi^l solution move 
slowly by osmosis, 

(&) In xylem vessels and tracheides, water and inorganic sub- 
stances move rapidly in all directions. These tissue-elements some- 
times conduct upwards soluble food-materials from storage-tissues. 

(c) In sieve-tubes (which are always associated with companion- 
cells) food-materials are rapidly translocated from photosynthesizing 
and storage systems to regions of utilization. 

Dermal systems. (a) Cuticularized epidermal layers protect 
living cells in the interior from injury from outside. They are 
exceedingly important in restricting water-loss from turgid primary 
tissues. 

(h) Suberized cells of cork- tissue are also protective in function, 
and restrict water-loss from secondary turgid tissues. 

(c) Root-caps protect the meristematic regions of roots from 
injury by the soil particles during growth. 

(d) Hairs may reduce the rate of water-loss, and hairs and emer- 
gences may have a protective function. 

Ventilating systems. Intercellular air-systems with their ex- 
ternal openings of (a) stomata associated with epidermis (note that 
cuticle is impermeable to gases) ; (h) lenticels associated with cork 
tissue (note that cork is impermeable to gases). 

Mechanical systems. The following tissue-elements contri- 
bute to the rigidity of shoot-systems : — 

(а) Turgid cells within the stretched epidermis of young shoots. 

(б) Collenchyma and sclerenchyma of primary tissues. 

(c) Lignified elements, particularly sclerenchyma ^ of secondary 
tissues. The vessels and tracheides in old wood in trees sometimes 

^ It should be noticed that sclerenchyma, xylem vessels and tracheides, 
cork-tissue and lenticels, and mtereellular spaces, are non-living but 
functionally essential parts of living plants. The vital powers of gro\vth, 
development, etc., reside in the living cell, but are dependent upon the 
continued functioning of the above-named non-living parts. 
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become filled with substances that harden, and so increase the 
rigidity of the tree trunk. 

Motor systems* (a) Living and non-living tissues which govern 
the dehiscence of anthers and of certain fruits. 

(b) Specialized parts (e.g., tendrils) or unspecialized parts that are 
capable of differential growth. In these and only in these can 
growth-curvatures occur. 

(c) Specialized pulvini, in which alterations of turgor cause 
movements of variation. 

■ Sensitive systems* In this class are placed tissues (e.g., geo-per- 
ceptive root-tips and photo-perceptive coleoptile-tips) that are 
supposed to be peculiarly sensitive to external stimuli. 

Stimulus -transmitting systems* Paths for the travel of stimuli 
must exist in plants when it can be shown that regions of perception 
and motor-systems are separated. 

E. The Integration of the Activities of Functional Systems 
within the whole Organism 

Simple summation of functional processes*. A couple of 
examples will make it clear that the functional systems classified 
in section D form an ordered aggregate when co-existing in 
the whole organism. There is a mutual relevance among 
associated physiological processes. First we note that the 
continued efficiency of green leaves as organs of photosynthesis 
depends on the proper and simultaneous action of water- 
absorbing, conducting, and ventilating systems ; secondly, that 
the rate of water-absorption is governed by the concentration 
in the root-sap of soluble organic matter manufactured in and 
transported from green leaves, and by the rate of transpiration. 
Many other examples of this type of interdependence might be 
given, and it is possible that if we knew the functional powers 
of each related part considered as a separate unit, we could 
predict how the whole plant would behave. Activity of the 
whole plant would then represent the simple summation of the 
activities of the parts. The effects of such association of 
processes within the whole are not qualitative but quantitative. 

Correlatiom* For many years it has been recognized, how- 
ever, that the properties of a whole organism may differ from 
the numerical aggregate of the properties possessed by each of 
the constituent functional systems. Powers not previously 
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displayed may be revealed, or others previously shown mav 
modified or suppressed, by the association of parts within the 
^ole^organism. In some way, therefore,"^ events tot 
part of an organism may exert a qualitative as well as a 
quantitative effect on the behaviour of another part 
Goebel (1880) used the term growth-correlations to describe 
those forms of mutual influence between distinct parts o 7 a 
p ant which determine the properties of the parts within the 
whole ^ The protoplasm in a given cell may poless Ve^v 
varied^ powers, and the activities actually developed mav 
depend upon the incidence of stimuli belonging to the ex^ 
ternabenvironment (section B) or, alternatively” on internal 

bTavSrfn a f body. Correlative 

^ ^Growth 

, n&lowth Itself may be regarded as an autonomic resnon«l 
■‘to an internal stimulus. Thus, apart from the processes of Si! 
division, which may be attributed to the persistence of th^ 
.imuks otfertfation. oeIl.e„la,gem,„, i. dependariol tte 

(section H). Another excellent example is afforded by the 
striking changes that often take placed gyncecial or rSS 
tocto tkme after fertilization. Also therf is eriL^ce Zi 
growing buds and leaves provide a cambial i 

prjotes cell, division- fi, the cambium below them (Smw S 

Mmry ezrnnples could be givdn of corrdative ZdZ£hs 
follow.1,8: mjury. These often have survival 
Pta m .,S modified state. If the main „J,t T deXS 

sZuTnsT PlaSiolropic towards 

stunulns of gravity, may become positively geotropic andZ 

«. 1 r™*"'' P'»“» » 0 * la ttl, dimouii 
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ventral shoots which are plagiotropic towards gravity. If, 
however, the terminal bud is killed, at least one of the lateral 
buds may develop into a negatively geotropic shoot possessing 
radial symmetry. One further example of modified behaviour 
following injury must suffice. It has been shown that if the 
aerial shoot of a potato plant is cut off, one of the subterranean 
buds, which normally would give rise to a tuberiferous shoot, 
develops into a new aerial shoot. 

In contrast with such correlations between tissues as lead 
during normal ontogeny to new, augmented, or modified activity 
are those which have inhibitory or retarding effects. Thus 
there is evidence that mature cells containing nucleated 
protoplasm may retain the power of cell-division. This power 
is not normally displayed in specialized tissues, and only becomes 
apparent after some form of injury or other stimulus has altered 
the internal relations within the whole. For example, our 
ability to propagate plants by cuttings, or by grafting, and the 
power of plants to heal wounds by formmg cork or callus, 
depend on the fact that, under the altered conditions, specialized 
tissues develop meristematic activity. Why then does cell- 
division not normally occur in these tissues ? The answer 
given to this difficult question by supporters of Goebel’s views 
is that in the normal whole plant cell-division is correlatively 
inhibited|, it is held in abeyance by the influence of related 
parts. It is also supposed that correlative inhibition is 
responsible for the fact that certain winter-buds may remain 
dormant for a number of years. When for some reason the 
inhibitory influence is removed, these buds develop into leafy 
shoots. The behaviour of the buds on the epicotyl of seedlings 
of Phaseolus multiflorus or Vida faba provides a less complex 
system for experimental investigation, and it appears that 
events in the apical tissues lead to the inhibition of the growth 
of lateral buds, for these buds may develop into shoots if the 
apex is cut off (Snow, 138 arid 159). 

Pvot&plasvnic connections, und chetnical stimuli in the 
integration of plant behaviour.^ “To refer so irumerous and 
^ See also pages 323 and 348. 
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heterogeneous phenomena to the principle of correlation is 
only a step towards explaining the causes of plant form, and 
that only a slight one ” (Jost, 74, supplement, p. 100). For 
deeper insight one must face questions such as : what tissues 
are in correlative association ? Which, among these tissues, 
generate the internal stimuli, and which respond to such 
stimuli ? What is the nature of these internal stimuli, and 
along what paths do they travel ? 

In considering the last question, great importance has for 
™any years been attached to the observed fact that the proto- 
plasm of contiguous living cells may be connected by threads 
which tra,yerse the cell-walls. Pfeffer {110) expressed the 
view that “ from general physiological considerations the attain- 
ment and maintenance of harmonious co-operation throughout 
the plant by the intercommunication of stimuli renders the 
existence of living continuity so absolutely necessary that had 
it not already been discovered its presence must have been 
assumed, for in no other way could the observed phenomena 
have been explained.” Moreover, he suggested that proto- 
plasmic threads may act as the channels along which stimulat- 
ing influences flow, and considered the possibility that these 
influences were chemical. Even earlier Sachs (1882) had, 
®^SSGsted that root-formation in cuttings of stem and root is 
due to the downward travel of root-forming substances,” and 
this chemical view persisted. Jost (1907) believed that stimuli 
might frequently be chemical in their nature, but admitted 
that such internal chemical stimuli were then quite unknown. 

In recent years experimental evidence has been secured for 
the existence in plants of chemical substances which regulate 
growth (section H), and certain experiments indicate that 
many, if not all, of the heterogeneous phenomena which have 
been reported in this section may find explanation in terms of 
the promoting, modifying, or inhibiting properties, of internal 
chemical-stimuli or hormones.^ jpi^berlandt (1913) found 

fnllr,w»a Tw internal chemical regulation of plant behaviour 

followed that on animals, and the term hormone was borrowed from 
in Animal Physiology, and is still conveniently 
employed, although its use in certain senses is open to criticism 
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that cell-division leading to cork-formation, which occurs after 
certain plant-organs {e.g., potato tubers) have been injured, 
was dependent upon the generation of a wound-hormone. 
He showed that this substance, unlike an enzyme, was thermo- 
stable. Snow {138 and 139) found that the influence inhibitory 
to the growth of the lateral buds of Phaseolus vulgaris (see 
p. 309) can travel from the apical tissues of the epicotyl to the 
lateral buds across a moist protoplasmic gap or along a zone 
of stem killed by scorching. Snow (137) also found that the 
cambial stimulus ‘‘ can pass across a protoplasmic discontinuity, 
and even through an interposed piece of moist linen.” 

Clearly the trend of recent work suggests that continuity of ; 
protoplasm throughout the plant is not always an indispensable ! 
condition for the integration of separate activities, but much ^ 
further work must be performed before it can be concluded that 
protoplasmic connections never play a part in the phenomena 
which are classed as correlations. It should be clearly realized, 
however, that no plants possess a differentiated nervous system, 
and that no experimental evidence exists which would justify 
the description of correlations in plants in terms used in 
describing nervous correlations in the higher animals. 

F. The Necessary Conditions for Growth 

Experimental, The necessary conditions for growth are 
readily demonstrated by experiments on the germination of 
seeds. It is usually found that after a few days the percentage 
germination of pea seeds supplied with water and air, and kept 
at 20^ C., is high, but no seeds geiminate in the absence of water or 
oxygen, or if kept in an ice-box or in an incubator at 50"^ C. in\ 
the presence of water and air. The seeds as a rule fail to i 
germinate {a) in decinormal acid or decinormal alkali {i,e., the ^ 
pH of the medium must be suitable), (b) in solutions of high 
osmotic pressure, or (c) in atmospheres containing large j 
amounts of carbon dioxide. Light is sometimes an important || 
factor, but pea seeds germinate either in the light or in thei 
dark. 
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In order to judge whether failure to germinate is due to injury 
or merely to the arrest of growth processes, ungerminated seeds 
should at the end of the experiment be transferred from the 
inhibiting conditions to conditions known to be favourable, and 
the ‘^^isubsequent percentage germination determined. For 
instance seeds that have failed to germinate in nitrogen should 
be exposed to air at ordinary temperatures, and those from the 
ice-box or the hot incubator to a temperature of 20° C. 
Where effects are injurious the time-faet6r .(p. 270) will have 
great significance. Exposure for several days to nitrogen may 
be endured, but longer exposure may prove lethal ; or the seeds 
may withstand temperatures of 40° C. for a few hours, but be 
killed after longer periods. 

From the results of experiments on seed-germination or on 
plant-growth (e.g., water-culture experiments, such as are 
described on p. 165), carried out under clearly defined conditions, 
and from observations such as those recorded in section A, we 
may infer that certain internal and external conditions must be 
satisfied before growth can occur. 

^yNecessary internal conditions, (a) There must be present 
meristematic tissue in an active state (cf, the dormant state ^). 
(b) The plant must contain available (proteins, 

carbohydrates, fats, mineral salts, water) dh which to draw, as 
it does in germinating seeds, sprouting buds, etc., or possess 
differentiated functional tissue-elements which absorb raw 
materials and elaborate them into foods, as must happen in 


^ Thus in the natural course of things, certain seeds appear to pass 
through a dormant period. This may not be true dormancy, but arrest of 
germination because {a) external conditions are not suitable for germina- 
tion (e.g., the temperature, or the water-content of the soil, may be too • 
low) ; (6) the action of certain of the essential factors is impeded by the j 
seed-coat (c.g., the coat may be impermeable to water or more rarely to ^ 
oxygen); or (c) the seed-coat exerts mechanical resistance to the 
emergence of the radicle. In true dormancy certain necessary changes 
must occur in the interior before growth will continue. Experimental 
investigations in the United States indicate that many seeds (particularly 
of the Rosacese) must pass through an after-ripening period before they 
will germinate. Sometimes exposure to low temperatures, such as are 
prevalent^ during cold periods in winter, is a necessary experience. 
Germination itself, however, is favoured by warmth. For summaries of 
modern work on dormancy and the germination of seeds, see Macgregor 
Skene (132) ^ West (162), Crocker (3i). 
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independent seedlings with green leaves, (c) A state of turgor 
must exist in active living cells, (d) As has recently been shown 
(see section H), there must be a constant supply of growth- 
promoting substances (auxins) to the regions of enlargement, 

Necessavi^ extBTnul conditions*'^ I, For a growing Organ 
containing adequate food-reserves (e,g.y germinating seeds ^ sprout- 
ing underground perennating organs or woody twigs), (a) Avail- 
able water (p. 82) must be present, and the hydrion-concentration 
and the balance of inorganic salts (p. 65) in the external 
medium must be suitable, (h) The temperature must be 

greater than the minimum temperature below which the 
particular organ fails to grow, and less than the maximum 
temperaturCj i.e.j that temperature which sooner or later is 
injurious to the organ (cf pp. 7 and 271). (c) The percentage 
must be sufficient to inhibit anaerobic respiration 
(p. 272). (d). Narcotic con^ too high a concentration 

of carbon dioxide) must not exist and poisonous substances 
must be absent. ^ (e) Certain organs (e.g., mistletoe seeds) 
must, under natural conditions, receive light before growth 
will begin. Light, acting as a stimulus, releases the latent 
powers of growth. Most organs will grow in the dark, but 
light is essential for the development of a healthy instead of 
an etiolated shoot-system. 

II. For independent seedlings and older plants. In addition 
to all the requirements listed in I., other conditions are necessary 
for the continued growth of plants belonging to this class. 
(a) The essential elements (p. 165) must be supplied in a suitable 
form for absorption, i.e., as carbon dioxide, water, and mineral 
salts.^ (b) Developing shoots require light from the blue- 
violet end of the spectrum for the formation of leaves and 

^ The discussion of the ecological problem of the growth of different 
plants in relation to environmental factors is outside the scope of this book. 
The reader is referred to LundegS-rdh (90). 

® Thus lichens rarely grow in manufacturing towns, and algae and many 
other water-plants are killed by low concentrations of copper salts. 

® Although green plants can grow in media completely free from organic 
substances, it has been found that minute doses of extracts of dung may 
greatly stimulate the growth of certain plants (e.g., the duckweeds). The 
non-essential but stimulating organic dur^ extracts of unknown 
chemical composition have been given the, name auximones. 
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chlorophylls a and h (light as a formative stimnluSs P- 303), 
Light from the red and blue-violet ends of the spectrum (p. 234) 
is essential in order to provide energy for photosynthesis, and 
hence for the production of all the organic food-stuffs. 

G. The Rate of Growth 

The rate of growth in length. As may readily be observed 
by making measurements of the lengths of whole plants or 
plant-members, or of marked zones in growing members, 
growth in length runs its course in a characteristic way. For 
all plant-members the rate of enlargement is slow at first, and 
later increases rapidly to attain a maximum velocity.^ The 
rate then steadily diminishes, and, finally, growth ceases. A 
sigmoid curve (fig. 40) is given by plotting lengths of stem 
or root, or areas of leaves, against time during the whole 
duration of what Sachs termed the grand period of growth. 
It appears that the form of this grand curve of growth is for 
any member governed by its genetical constitution. External 
conditions can alter rates, and hence affect the duration of 
the grand period, but the sigmoid form of the growth-curve is 
always maintained. 

The rate of growth in length, then, is governed by internal 
and external factors. For any plant or part of a plant, at any 
time, there is a maximum rate of elongation, determined by 
inherited genetical factors, which cannot be exceeded, what- 
ever the environmental conditions may be. Much variation in 
this maximum rate is encountered from plant to plant. 
Plainly, the average rate for the whole growing period is rela- 
tively high in the stems of herbaceous annuals which attain, 
when fully grown, heights of six feet or more, and relatively low 
in plants that possess short stems as one of their racial 
characters. For a given plant or part of a plant, at any time in 
the grand period, external conditions affect the rate of growth 

1 For example, in one experiment it was found that the stalk of the 
sporogomum of Fellia epiphylla elongated 1-2 mm. in 2-3 months, and then 
suddenly elongated 80 mm. in 8-4 days. 
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by determinmg how near to or how far from the inherent maxi- 
mum rate for that time the actual growth-rate will be. Con- 
sistently favourable external conditions over a whole growing 
season, a rare occurrence in nature, would cause the average 
rate to approach the inherent maximum and relatively tall 
specimens of the species would be produced. But, however 
favourable the conditions, the tallest specimens of dwarf races 


DAYS 4- 8 12 16 

-Sigmoid curve of increase in area of the surface of a leaf 
of Cucumi^ sativus (from Gregory, 52)* 


would still be short.^ Conversely, consistently unfavourable 
conditions, and these are of more frequent occurrence, would 
stunt growth ; and even potential giants might when fully 
grown be but puny specimens of their race. For variable 
external conditions, such as are encountered in a normal 
growing season, the modes of interplay between the internal 

1 This is simply stating in terms at present in use what Gregor Mendel 
educed from the results of his breeding experiments on tall and dwarf races 
of Pisum sativum* 
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factors that determine the form of the grand curve of growth 
and the assemblage of significant external factors, are so varied' 
and complex that analysis cannot be attempted here. It must 
suffice to consider the effect on a given plant over a defined 
period of varying single factors, one at a time, all the others 
being kept constant. 

^ We can at once state that the absence of a necessary factor 
^ {e.g., one of the essential elements) or the prevalence of an in- 
hibiting factor {e.g., too low or too high a temperature) cannot 
be compensated for by the presence of all the other factors in 
highly favourable amounts. The growth-rate would sooner or 
later fall to zero, were the environmental conditions completely 
unsuitable in one respect only. In a plant which had 
not suffered permanent injury, growth would be resumed 
on supplying the missing factor or neutralizing the effects 
of the inhibitmg factor, and the rate attained would in 
part be determined by the quantitative nature of the treatment 
adopted. Certain of the responses, such as those of various 
organs to different concentrations of oxygen, are chiefly of 
theoretical interest ; but others, such as the reactions to 
different concentrations of mineral salts containing the essential 
elements, are of great practical importance, for they throw 
light on the advantages to be gained by mineral manuring at 
different periods in the growth of crop plants (see Miller 97 ■ 
|Elussell, 123). - . . 

yly Increasing the temperature above the minimum has the same 
growth as on photosynthesis (p. 242) and respiration 
(p. 269). At first the rate increases (and is often greater 
than 2), but sooner or later injurious effects bring about 
retardation, and, at the apparent maximum temperature, 
growth ceases. For any definite set of conditions there will 
thus be an optimum temperature. What this is largely depends 
on the duration of the experiment. Temperatures of 30° C. or 
more might appear to be very favourable in short duration 

experiments {e.g., of twelve hours) but deleterious over longer 
periods* ^ 

The importance of a water-balance for the promotion of 
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turgor-expansion in a growing plant has already been discussed 
(pp. 83 and 109). It is a matter of common observation that the , 
rate of growth is affected by the water-content of the soil, and j 
that the tendency of plants to wilt in dry air is antagonistic to 
growth. ' ^ 

In the field the rate of growth of a given plant in a soil of 
approximately constant composition is largely governed by the 
water-supply, the humidity of the air, and the temperature. 
A. M. Smith observed that the growth-rate of bamboo , 
shoots in Ceylon appears to be sometimes determined by the ^ 
saturation-deficit of water- vapour in air, and sometimes by | 
.the temperature. During the night the air was saturated with 
water-vapour, and the growth-rate fluctuated with the 
temperature. During the day although the temperature rose 
the growth-rate fell more than could be accounted for by the 
retarding influence of light. This fall appeared to be cor- 
related with an increase in saturation-deficit brought 
about by a decrease in humidity as well as by the rise in 
temperature. Another good example is provided by the 
“ sunshine-effect ” reported by Balls for the cotton plant and 
other plants growing in Egypt. It appears that direct insolation 
often immediately checked the elongation of stems. That 
water-loss was the cause of arrested elongation was proved 
by showing that growth was renewed if the illuminated 
plants were either defoliated or placed in humid air under 
bell-jars. 

Although plants will grow in the dark, light, acting as a 
formative .stimulus and providing energy for photosynthesis, is 
an essential factor for the healthy growth of green plants. In 
this section attention is particularly directed to the important 
fact *that light retards the rate of growth in length of stems. 
The comparison of the lengths o? the stems of plants grown in 
darkness (etiolated plants) and those of control plants grown 
under normal conditions establishes this fact. Further, for 
short experimental periods, the auxanometer (fig. 41) may be 
used to show that when all conditions other than light-intensity 
are kept constant, an inverse relationship exists between the 



1 For recent work on the influence of light on the growth-rate, see 
section I. 

2 Bibliographies concerning important advances in our knowledge of the 
effects of varying amounts of light on growth and development have 
recently been given by other authors (e.g., Barton- Wright, 11, Miller, 97), 
We have no room here to discuss this subject, which has considerable 

a f>o r»n «2 


Fig. 41. — The auxanometer for measuring the relative rates of 
growth of a given plant-member under different environ- 
mental conditions. Growth-increments are magnified by 
means of a lever arrangement, and a record is made on the 
rib of a smoked drum, which is clock-driven about a vertical 
axis. 

^retarding effect of light on growth, which in consequence is 
often spoken of as a regulatory effect.^ 


growth-rate of a stem and the intensity of daylight.^ Thus 
in the given record of an experiment, it will be seen that the 
marks made during the day are closer together than those made 
duringthenight. We must therefore recognize a daily periodicity, 
governed by light-intensity, in the growth in length of shoots. 
The retardation brought about by light in the day-time may 
have certain functional advantages. ^Thus the rate of turgor- 
^ Expansion may be adjusted by light to the rates at which the 
/(enlarging cells and differentiating mechanical tissue can use 
food-stuffs and so consolidate growth\ According to this view 
the nice proportions of a healthy plant may owe much to the 
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The rate ef increme in dry^weight. It has long been 
known that changes of dry- weight accompany the growth of 
plants. Indeed, when dry- weight is used as an index of growth^ 
a grand period can be recognized and a grand curve of growth 
constructed (fig. 42). Loss of dry-weight occurs during 
certain periods (see below), but, in. general, the curve takes 
a sigmoid form until the plant is fully grown. During 
senescence the dry-weight steadily decreases, and at death a 


Fig. 42. Generalized form of growth curve showing changes in 
dry-weight which occur during growth and senescence, and 
after death. 


skeleton composed of cell-walls and certain residual solid cell- 
contents is left. When the dry- weight begins to increase, 
rate of increase rises to a maximum, and then, in general, 
declines (fig. 43). 

Photosynthesis is responsible for the formation of more than 
ninety per cent, of the dry matter of plants. The remaining dry 
matter results from the absori^tion of mineral salts, and, to a 
lesser extent, from certain intramolecular changes such as hydro- 
lyses. Slight decreases in dry-weight are caused by eondensa- 
. tions that occur with the elimination of water, but loss of 
\ matter results chiefly from respiration. Plainly, the 
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between the rate of photosynthesis and the rate of respiration 
is the principal factor which, at any time, determines the rate 
of change of dry-weight.i Much variation will be encountered 
in a given plant, according to the stage of development of the 
plant, since, under constant external conditions, the rate of 
photosynthesis will be governed by the number of green leaves 
and the activity of their constituent chloroplasts, and the rate 
ot respiration bV .the number of living cells and their average 
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Fig. 43. — Generalized form of growth-rate curve of maize. (From 
Briggs, Kidd, and West, 3(?.) 

respiratory activity. Further, it is clear that external con- 
ditions affecting the rate of photosynthesis and respiration will 
also affect the rate of growth. Clearly, therefore, in the study of 
the subject of plant-yield due attention must be paid to the 
inherent internal factors and to the effect of external conditions. 
The subject is so important that it is not surprising that a 
large mass of quantitative data has been gathered for crop 
plants (see Russell, 123). 

^ I* follows as a corollary that a steady loss in dry-weight occurs when 
photosynthesis is not m progress (e.g., before green leaves unfold in the 
germination of seeds or the sprouting of buds, in defoliated perennating 
organs, and during the raght in growing plants possessing green leaves). 
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The possibility of subjecting the results of experiments on 
growth-rates to mathematical treatment has attracted many 
workers; and such attempts as have been made have added 
considerably to our understanding of the factors which govern 
dry-weight increase. Slator has succeeded in showing that 
the growth of yeasts and of other unicellular organisms, when 
measured by dry-weight changes, appears to obey a com- 
pound-interest law. In such organisms, however, all the 
cells formed during growth retain the power of assimilating 
foods. Productive matter is continuously forming more 
productive matter, and it appears that for any period the 
rate of dry- weight increase per unit initial dry-weight is 
constant.^ 

Simple mathematical treatment by the compound-interest 
law is not, as a rule, possible for the higher plants. It is true that 
through the first half of the grand period of growth the rate of 
increase of dry-weight steadily increases with time. This, of 


^ Thus havMg experimentally found the percentage rate of increase of 
dry-weight for a given race of yeast for defined external conditions 
we rnay calculate and so predict what the final dry- weight M will be if 
the initial mass is allowed to grow for x units of time. The 
compound interest law requires that for a rate of r per cent., 

M = Mofl -h 4-^* 

V 100/ 

This relation is often expressed in another form. 
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The rate of increase at any time is then readily calculated, for if 
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the rate after x units of time will be given by differentiation and 
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course, is what one would expect, seeing that during develop- 
ment total photosynthesis steadily increases, owing to the 
formation of additional green leaves. But non-productive dead 
tissue (e.g., woody elements) and actively respiring non-green 
parenchyma are also formed. Consequently there is a con- 
tinuous heaping up of non-productive dry matter, and thus 
for successive equal periods of time the ratio of the dry-weight 
at the end of the period to the initial dry- weight steadily falls, 
instead of remaining a constant as the compound-interest law 
would require. For crop plants, then, it is not surprising that 
the expression in mathematical form of such tentative gene- 
ralizations as have been arrived at has proved a difficult and 
controversial matter (see Barton- Wright (11) for references to 
recent literature). 

For such higher plants as consist mainly of green leaves 
of productive assimilating tissue) relatively simple quantitative 
relationships have been worked out from the experimental 
results. It has been reported for maize that the ratio of the 
rate of dry- weight increase to the leaf-area is approximately a 
constant during the growing period. And the recent work on 
Lemna minor by Ashby (4) and others in V. H. Blackman’s 
laboratory indicates that, for any given set of conditions, the 
curves of increase in frond-number, frond-area, and dry -weight, 
plotted against time, approximate to an exponential type (such 
as a compound-interest law would require) of which the 
numerical constants may be calculated. These floating water- 
plants were allowed to multiply by vegetative propagation 
under rigidly controlled conditions, which could be varied so as 
to determine the influence of external factors on the growth- 
constants. Hicks (67) thus found that Q^q for growth was 
2*8, and that the optimum growth-rate occurred at SO® C. when 
a constant light-intensity of 1,000 foot-candles was used. The 
fact that figures such as these can now be quoted with con- 
siderable reliance on their significance testifies to the clearer 
understanding physiologists are acquiring of growth-problems, 
and to the improvement in the experimental methods used in 
the study of these problems. 
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It is undecided whether phototropic sensitivity is possessed 
by all or only by a limited number of living cells in the percep- 
tive regions. At one time much discussion centred on 
Haberlandt’s view that papillose forms of epidermal cells are 
adaptations for the reception of the light-stimulus. There is no 
doubt about their normally acting as condensing lenses which 
concentrate the incident light on the irritable protoplasm, but 
it is at present widely accepted that this is not an essential 
phenomenon in phototropism. Thus phototropism is still 
displayed when the surface of the organ is smeared with oil, which 
converts the epidermal cells from convergent to divergent lenses. 
Geotropism. Charles Darwin was the first experimenter 

oolee^tile^sheath^* used before the plumule has pierced the 


ssive positions of a ooleoptile of oat in the dark 
'vviien rotated on a horizontal kiinostat, after 
igiit lor four seconds from a lamp of 30 metre- 
eed the right. The numbers give the time after 
tion, the first three in minutes, and the remainder 
(brom Arisz, see Kostytschew, 83,) 
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differential growth of the hypocotyl, cannot be evoked by 
unilateral illumination if the cotyledon is cut off or covered 
with a cap of tinfoil. It was inferred that in this grass photo- 
tropic sensitivity resides exclusively in the spherical cotyledon, 
and, consequently, that perceptive and motor regions are distinct. 

In recent investigations on oat seedlings ^ P. W. Went found 
that although the base of the coleoptile may be slightly sensitive, 
phototropie sensitivity chiefly resides in a length of less than 
2 millimetres at the tip. Stimulation of the tip induces growth- 
curvatures at successively lower levels in the coleoptile (fig. 50). 
Ihus it has been inferred that there is a gradual and differential 
basipebal transmission of something from the perceptive tip to 
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to show that no geotropic curvatures ^ take place in decapitated 
roots changed from vertical to horizontal positions. Easily 
distinguishable geotropic curvatures can be induced, however, 
by placing roots in horizontal positions for longer than the 
presentation-time (see section F), and decapitating before 
any curvature is noticeable. It may be concluded from the two 
sets of experiments that tips are necessary for the perception 
of, but not for the response to, the stimulus of gravity, and, 
consequently, that perceptive and motor regions in the root 
are distinct.^ 

It appears from decapitation experiments that the tips of 
seedling plants of the grass-family should be regarded as the 
geo-perceptive regions. Dolk has recently demonstrated that 
the whole of the oat coleoptile is geo-perceptive, but that 
irritability decreases steadily from the tip to the base. 

In order to demonstrate, without injuring roots, that it is the 
position of the root-tip in relation to the line of action of the 
gravitational force that determines whether geotropic curvatures 
will occur, Czapek enclosed the tips of seedling roots in glass 
slippers which were placed either in vertical positions or at 
various fixed angles to the vertical. He showed that no matter 
what angle to the vertical was made by the rest of the root, 
geotropic curvatures did not occur so long as the tip was directed 
vertically downwards, and that geo tropic curvatures always 
occurred even in vertically placed growing regions, provided the 
tips were at an angle to the vertical. Experiments of a similar 
kind and yielding similar results were performed by Francis 
Darwin on shoots of seedling grasses. He showed that it is the 
position of a shoot-apex which determines whether geotropic 
curvatures will take place. 

There remains to be considered the question of the mechanism 
whereby gravity affects the irritable protoplasm in geo- 
perceptive regions. It was Noll who first suggested that the 
presence of movable starch-grains in plant-cells might have a 

^ Convincing denpnstration presents difficulties as roots show what are 
termed traumatropic curvature-responses to the stimulus of wounding. 

2 Piccard, however, obtained evidence that growung zones could perceive 
as well as respond to geotropic stimuli (see Pfeffer, 110 , vol. Ill, p. 4d8). 
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bearing on this question, and his suggestion has received 
support from later investigations, particularly those of Nemec 

and of Haberlandt. 

It is evident that gravity must act upon substances whicli 
either form part of the living protoplasm (such as oil-drops, 
which tend to rise in an aqueous medium) or are nietaplastic 
bodies included in the protoplasm (such as starch-grains, 
crystals of calcium oxalate, silica, etc.). The name statolith 
has been suggested for these latter substances, the inclusions. 
We may define a statolith as a visible cell-inclusion which will 
shift its position in the cell under the influence of gravity. 
The name statocyst has been given to a geo-perceptive cell 
which contains statoliths. It is supposed that the protoplasm 
in the cells possesses irritability towards the pressure exerted 
by the statoliths. According to this view, it is the static 
pressure of statoliths upon the protoplasm lining the iowermost 
wall of the cell wdiich determines that a main root will normally 
grow vertically downwards. When the root is displaced 
from the vertical position, the statoliths will fall against 
another portion of the protoplasm : “ A new and unfamiliar 
state of stimulation is thereby produced, with the result 
that a geotropic movement takes place which brings the 
organ back into its former state of equilibrium.” ^ Although 
statolith-starch or other visible grains are absent from the 
roots of maize and of other plants that can show geotropism, 
there can be no question but that the “ distribution in space 
and time of geotropic sensitiveness is correlated in a remark- 
able manner with the presence of falling grains.” 

It has been demonstrated that cells containing movable 
visible grains occur in the central part of the root-cap of main 
roots, and in the cells of the coleop tile-tip of grass-seedlings. 
Thus the observed distribution of statoeysts accords well with 
the views that are held concerning the position of the geo- 
perceptive regions in these organs. It has been suggested that 
in stems the cells of the starch-sheath, or endoderniis, 
may act as statoeysts. Sometimes, however, instead of a 
^ The quotations are from Haberlandt ( 54 ). 
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continuous layer of statocysts, these functional units are 
scattered as groups of cells which are associated with vascular 
bundleSj etc. The point to note is that statoliths have been 
observed in stems, inflorescence axes, peduncles, grass-pulvini, 
petioles, and leaves. Hawker {61) has recently suggested that 
statocysts are arranged in three zones which she terms (a) zones 
of development, where grains are present but not free to fall, 
{h) zones of efficiency, which function in geo-perception, and 
(c) zones of disintegration, where sensitivity has been lost 
owing to the splitting of big grains. 

Experimental evidence in support of the statolith-hypothesis 
of geo-perception has been put forward by Nemec, Haberlandt, 
and others. It has been stated that decapitated roots do 
not become geo-perceptive again until starch-grains are formed 
in the wound-callus. Also, it w^as found that growth ceased 
and starch-grains disappeared from the root-caps of radicles of 
broad beans which had been embedded in plaster of Paris ; and 
that after removing the plaster of Paris the roots started to 
grow again, but sensitivity towards gravity did not return until 
starch-grains were regenerated in the root-cap. Further 
evidence was afforded by the observation that the adventitious 
roots first formed by sprouting onion-bulbs, which had 
previously been stored for several years in a dry place, did not 
give geotropic responses unless starch-grains were formed in 
the root-cap. 

There are other observations ^ for various organs which 
might be adduced in further support of the view that movable 
starch-grains or other solid particles may play an essential part 
in the early events that lead to geotropic response. 


F. Time-relations of Plant Movements 

Experiments show that response by movement may be 
delayed until some time after the inducing stimulus has been 

^ Haines (55) has recently reported that what is termed plegetropism 
is displayed as a movement of response of an organ to a change in its 
velocity, and argued that this must be primarily brought about through 
the mechanical distribution of particles in the protoplasm. He maintains 
that this phenomenon provides evidence of the fundamental truth of the 
statolith-hyj>othesis. 
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removed. Thus, (a) coleoptiles of oat seedlings show phototronie 

a period of lateral illumination; (J) organs may display 
geotropism, while rotating on a klinostat, provided Siey have 
previous y been subjected to geotropic stimulation for longer 
than the presentation-time (see below); and (e) there is 'an 
appieciable interval between haptotropic or haptonastic 
Sru^ I of a single contact-stimulus. 

se^arrtedTtfme” 

Ip discussions of the time-relations of plant movements 
ficquent use has been made, in the past of terms such as 
reactmn-tnne, presentation-time, and relaxation-time. The 
reaction-time is the time taken for a visible response to 

tpon stimuktion Mimosa shows movement almost instan- 
taneously. Haptotropic responses also are rapid, being clearh- 

TT« ”1 ^ after vigorous stimulation. 

ually at least half an hour elapses before the geotropie 
responses of young organs become visible; phototrojiic 
responses are usually more rapid. It appears that the reactioii- 
time for a pven plant will depend upon (a) the amount of 
s imulation, (6) the external conditions, such as temperature, 

hfsto!v2 rf ^ the organ and its previous 

y. IS also evident that if observations are made with a 
microscope, or if a lever arrangement is used for amplifying- 
angular divergences from the main axis, the observed time of 
reaction will be considerably shortened. 

It IS probable that the perception of a stimulus takes place 
instantaneously, ^.e., some change occurs in the irrita.bk 
member immediately the stimulus is received. Visible response' 
however, requires that the stimulus must be received in Lecss 
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of a certain minimal quantity/ The presentation-time is the 
time for which a given member must be continuously subjected 
to a given intensity of stimulus, for a visible response to follow 
inevitably. When the geotropic stimulus is acting to its full 
extent ^ on ^mung stems the presentation-time is just over five 
minutes. The intensity of the geotropic stimulus may be varied 
by altering the angle between the irritable organ and the line 
of action of gravity, and experiments indicate that for a given 
member, the presentation-time is inversely proportional to the 
effective force with which gravity is acting on the irritable 
member. The same relation holds , when centrifugal force is 
substituted for gravity. Thus for a centrifugal force of 3 units 
acting on oat seedlings, the presentation-time was 100 seconds, 
but on increasing the force to 58 units, the presentation -time was 
reduced to five seconds. In general, these experiments indicate 
that 

Centrifugal force X Presentation-time — Constant. 

Recent work shows that a comparable product-law governs 
the relations between intensity of light and the presentation- 
time in phototropic responses. It is the quantity of light, 
which is compounded of intensity and duration of illumination, 
which determines the amount of the response (see p. 858). 
When a strong source of light is used for a very sensitive organ, 
a single flash may be sufficient to evoke a response. Clearly 
under these circumstances the concept of presentation-time 
has little value. 

Experimental studies on presentation-time led to others on 
the effects of stimulations, which, though in themselves 
insufficient to evoke responses, may nevertheless cause disturb- 
ances which persist. Thus, if a root is left in a horizontal 
position on an intermittent klinostat, which is at rest, for a 
period that is shorter than the presentation-time, no curvatures 

^ Plants should be placed so that the organs under experiment are in a 
horizontal position on a horizontal intermittent kiinostat. Comparable 
samples should be used to determine what is the shortest period for which 
the organs must be left in a horizontal position when the kiinostat is at 
rest, for a subsequent curvature to be shown when the kiinostat is rotated 
(fig. 49, c). 




367 



TIME-RELATIONS 

will occur on subsequent rotation on the klinostat. If, however, 
after a period, the klinostat is stopped and the root is again 
exposed to the unilateral influence of gravity for another period 
shorter than the presentation-time, a geotropic curvature may 
he executed after rotation is renewed (flg* 49, c) ^ or several 
such intermittent stimulations of duration less tlian the pre- 
sentation-time may be necessary to evoke geotropism. The 
response is induced as a result of a summation of stimuli, 
each of which alone is insufficient to induce a geotropic 
curvature. The quantitative relations of this cumulative effect 
of disturbances are complex. For instance, if stoppage and 
rotation of the intermittent klinostat alternate sufficiently 
fi’equentty, the total time ol intermittent stimulation is in the 
sum approximately equal to the presentation-time, ndiile with 
longer rotations between the stoppages the sum of the times 
of intermittent stimulations becomes considerably gz'eater than 
the presentation-time. This means that a disturbance not 
sufficiently great to evoke a response may subside if the organ 
is no longer being stimulated, and many experiments of the 
kind we have discussed have been performed to measure the 
relaxation-time (the time taken for a stimulation to subside) 
for geotropism.^ 



G. Recent Advances in the Analysis of Phototropism 

About a century ago de Candolle suggested that positive 
phototropie curvatures resulted from the partial etiolation, 
and hence the enhanced growth, of the shaded side of a growing 
member illuminated from one side only. But this suggestion 
did not prove acceptable as it offered no explanation of the 
negative phototropism displayed by certain roots {e.g., white 
mustard, aerial roots of ivy) and branch tendrils {e.g., vine, 
Virginian creeper). Wolkoff, however, maintained that negative 
phototropism might also be explained by de Candolle’s etiolation 
hypothesis. He suggested that, owing to the refraction of the 
incident rays, and their subsequent focussing, the tissues of the 


1 For a discussion of the biological interest of the idea of summation 

of: Stimuli,, see Darwin, F. (5^). . 
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shaded side of an organ may, under certain conditions, be more 
strongly illuminated than those of the side next to the source 
of light. The growth-rate of the near side would, therefore, be 
retarded less than that of the distant side, and a negatively 
phototropic curvature would result. Wolkoff’s idea was later 
described as “ quaint,” and dismissed as being totally 
incorrect.”^ For many years no further attempt was made to 
analyze the mechanism of phototropic response. It was 
accepted as a fact that a structure irritable towards light can 
appreciate certain differences in intensity on opposite sides and 
will, according to its inherent nature, respond positively, 
negatively, or transversely. Interest then became centred on 
the laws governing the minimum differences of intensity that 
induced phototropism, i.e., the threshold value of the stimulus, 
for different combinations of light intensity. Certain authorities 
(e.g., F. A. F. C. Went) have expressed doubt whether great 
profit has attended researches in this field, and certainly since 
Blaauw began his pioneering researches about twenty years 
ago, interest has largely been transferred to other and more 
fruitful studies. 

After Blaauw had ascertained the light-growth reactions of 
certain plant-members (p. 339) he made investigations on 
phototropic curvatures. The plant was growm in the dark, 
and, after a while, a quantity of light, measured in metre- 
candle-seconds, was allowed to fall on one side only of the 
member under observation. Subsequently the plant was again 
left in the dark. Phototropic growth-curvature occurred as an 
after-effect and the maximum angle made with the vertical was 
measured . Blaauw made the fundamental discovery that it is the 
quantity of light received that determines the magnitude of the 
reaction. Thus a quantity Q, received from a low intensity over 
a long time, evoked the same reaction as the same quantity Q 
received from a high intensity for only a short time. Different 
quantities of light brought about different degrees of curvature, 
showing that the once-cherished idea of ‘‘ all or none ” for 
responses to stimuli has no warrant for phototropism, 

^ Pfeffer vol. Ill, p. 229. 
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earlier observations 

that the nature of photographic response is not invariable for a 
given organ. For instance, he discovered by his quantitative 
singk-illumination method that it is the quantity of light 
received that determines the reaction of the sporangiophore of 
Pkijcomyces. As the quantity was increased, he found that 
the reaction changed from positive to negative and then to a 
second positive. Arisz later demonstrated a similar variability 
for the coleoptile of the oat, and for this structure de Buy has 
recently obtained evidence of a third positive reaction. 

Blaauw came to the conclusion from naked-eye observations 
that the threshold quantity of stimulus for the oat coleoptile 
was about 20 metre-candle-seconds. Arisz also succeeded in 
equating the amount of curvature with the quantity of stimulus 
He used a microscope to detect small deviations of the 
coleoptile tip from the original vertical position, and observed 
that even 1-4 metre-candle-seconds could cause curvatures. 
There is no reason to suppose that still smaller quantities of 
unilateral light may not, in spite of abstract notions about 
threshold values, cause reactions which have not yet been 
detected. 1 Apparently, however, for small quantities of li<rht. 
It is extremely difficult to distinguish between phototropic and 
auto-nutational curvatures. It may well be, however, that 
mfinrtesmally small quantities of light will tend to cause 
infinitesimally small curvature responses, but that other 
opposing internal conditions may prevent this tendency from 
becoming effective in the region of growth. 

To explain phototropic curvatures Blaauw returned to de 
Candolle s ideas, but he based his theory on his own experiments 
(p. 331) on the light-growth responses of different organs. For 
stems {e.g., the hypocotyl of the sunflower seedling) he, like de 
Candolle, attributed the positive phototropism to the negative 
growth-reaction towards light. Blaauw was able to meet the 

be, therefore, that over a certain range the quantity of 
stimulus (measured by the product of intensity and time) determinS the 
amount of response. It should be realized, however, that the stimulus 
from response. This, presumably, comes 


I ^ 



eciiiiei oojeciions to tiie etiolation-liypotliesis after he had 

found that, whereas the roots of the oat and the radish showed 
no light-growth response and did not curve under lateral illumi- 
nation, those of the white mustard, which had long been known 
to give a negative phototropic reaction towards continuous 
unilateral daylight, ^ exhibited a distinct light-growth reaction. 

Blaauw studied the behaviour of the sporangiophore of Phyeo- 
myces, and found that light caused an acceleration of the growth- 
rate of this organ, i.e., the total light-growth reaction of this 
organ was positive {cf. the effect of light on stems). Conse- 
quently, unless some additional factor has to be taken into 
account, one would expect this organ to show negative photo- 
tropism. For certain quantities of light it actually gave negative 
phototropic responses, but for others it displayed positive 
phototropism. To explain this Blaauw returned to Wolkoft’s 
idea that the transparent sporangiophore exerts a lens-like action 
on such incident light as is not dispersed. By using photographic 
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predict the extent of the angular divergence from the vertical 
which gives a measure of the phototropic response. His 
predictions were found to be justified, for his calculated results 
tallied within the limits of experimental error with the results 
of his own and of Arisz’s earlier experiments on phototropism. 
yilaauw’s theory of phototropism may he summed thus : 
the light-growth reaction is the primary, phototropism is the 
secon^ry phenomenon which follows of necessity'!) The implica- 
tion is that unilateral illumination has a direct differential effect 
on the enlarging regions of the sensitive organ. But we have 
already seen (section E) that in the grass-family, for example 
the stimulus of light is not perceived by the enlarging regions 
but by the cotyledon (Setaria) or the tip of the coleoptile (oat).^ 
It became clear that Blaauw’s theory required modification • 
and in 1927 F. W. Went published the results of ingenious 
quantitative researches which substantiated the earlier sugges- 
tions of Boysen- Jensen and Paal that phototropism is governed 
by the behaviour, under illumination, of growth-substances 
(auxins) in the perceptive regions. 

Having first shown that the highly perceptive tip is rich, 
and the rest of the oat coleoptile, which is but slightly photo- 
sensitive, poor in auxin, F. W. Went set out to investigate the 
effect of unilateral light upon the distribution of auxin in the 
tip. He cut off tips from coleoptiles that had received 1,000 
m.c.s. of light from one side only, 2 and placed them on 
standard agar-blocks with a safety-razor blade between the 
sides that had been near to and distant from the light-source. 
The half-blocks were then placed eccentrically on different 
decapitated coleoptiles in the dark. Growth-curvatures were 
executed and the angle of divergence was measured in the usual 
way. The mean of several experiments pointed to a destruction 
or annulling of 16 per cent, of the growth-stuffs in whole tips 

„ that light has a direct effect on the enlarging 

eelis of the coleoptile, which shows slight sensitivity over its entire length 
^see hIso p« 

f Went found, however, that a coleoptile without a tip again became 
sensitive to light two hours after decapitation, i.e., after the regeneration 

^ physiological tip (p. 324). This afforded additional evidence 

ot the iniportance of auxin in phototropism. 
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as a result of unilateral illumination with 1,000 m.c.s. (c/ the 
experiments on coleoptiles under uniform illumination i). 
Of the residual 84 per cent, of the gro-w-th-stuffs, 57 per cent." 
was present in the half-tip from the dark side, and 27 per 
cent, in the half-tip from the illuminated side. Control 
experiments showed that the auxin was uniformly distributed 
in tips of coleoptiles which had been kept in the dark. Went 
concluded that one-sided illumination occasions a lateral 
movement of auxins to the side distant from the source of 
light, and, consequently, that more auxin will be trans- 
located downwards to and be received by the enlarging 
cells on this side than by the cells on the illuminated side. 
Seeing that the rate of growth is governed by the amount 
of auxin received by the enlarging cells (p. 327), greater 
growth would occur on the shaded side, and positive 
phototropism would be displayed. We7ifs theory, therefore (cf. 
Blaauti' s, p. 361), attaches first importance to the redistribution 
or polarization of auxin. 

In 1932 van Overbeek {107), as a result of his researches 
on the light-growth reactions (p. 333) and the phototropism of 
Raphanus seedlings, has advanced the view that Blaauw’s and 
Went’s ideas should be combined in the interpretation of 
phototropism. He first confirmed Went’s view by showing 
that auxin is preferentially drawn to the shaded side of the 
perceptive regions of the seedlings of Avena and Raphanus 
when these are laterally illuminated. He then experimented 
with pieces of hypocotyl of Raphanus, each of which he covered 
with a block of agar containing auxin. The basal ends 
were placed on a safety-razor blade so as to divide each 
hypocotyl into two equal parts. A separate block (A and B) of 
pure agar was placed under each part of each hypocotyl, and 
the auxin content of these blocks at the end of an experiment 


1 EMber exyenments (p. S33) had indicated that 1,000 m.c.s. annulled 
or destroyed 20 per cent, of the total auxin-content, and some significance 
was attadied to this dimmution in the early stages of the work at Utrecht 
on phototropism (Kostyfechew, 83). The experiments on Raphanus, how- 
ever (p. 333), suggest that the destruction of auxin is not an essential 

pnenomenon m phototropism. 





was taken as a measure of- the relative amounts of auxin that 
had travelled down the two sides of the hypocotyl from the 
covering block. Van Overbeek found that at the end of the 
experiment in the dark, equal amounts of auxin had collected 
in the blocks A and B, but when one-sided illumination had 
been used^ (%. -51) the amount of auxin in the block B was 
nearly twice as great as that in the block A. Evidently 
unilateral illumination had caused unequal distribution of auxin 
in the conducting region. Hence not only in the regions of 
perception— as Went first proved— but in 
stimulus-conducting tissue auxin is drawn to 
the shaded side. This fact is bound to prove 
of importance in further work on photo- ^ 
tropism. Here we note that it provides further — ^ 
support of Wenfs contention that phototropism 
is produced as a result of the unegiial distribu- * ^ 

tion of auxin. 

In considering the direct effect of light 
(Blaauw’s theory) van Overbeek attached 
great importance to his discovery that the * b 

growth-response of a hypocotyl of Raphanus 3I.— The effect 

to a given quantity of auxin is less in light Mum"nitionftom 

than in the dark (p. 833). He concluded that direction in- 
light reduces the stimulating influence auxin on the 

exerts on the extensibility of the cells of the distribution of 

enlarging region (p. 384). He states, “ In the ™n J ‘^'region 

dark the cells are more sensitive to growth Raphanus (see 
substance than in the light. In hypocotyls 
exposed from one side, it is therefore very probable that the 
shaded side is more sensitive to growth-substance than the 
illuminated side. Even when the growth-substance is equally 
distributed and the shaded side has a greater sensitivity to 
growth-substance, the hypocotyl will grow towards the light. 
It seems to mx that there is a resemblance between the principle of 
Blaauw's theory of the lighUgrowth reaction and the phenomenon 
of the greater sensitivity of the cells to growth^substance in the 
dark than in the light I ^ 
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In leaving the subject of phototropism we remind the reader 
that the recent advances in our knowledge are a result of 
researches on a limited number of structures, and of the after- 
effects in the dark of a single illumination on structures 
previously grown in the dark. And, moreover, the quantities 
of light used have usually been lower than those w'hich cause 
phototropic curvatures in the field. There appears to be 
unlimited scope for further experiment. 

H. Recent Advances in the Analysis of Geotropism i 

In recent years Cholodny has proposed a theory in 
which he attributes the differential growth-rates that lead to 
the geotropic curvatures of stems and roots placed in a 
horizontal position, {a) to the greater accumulation, owing to 
oblique travel, of auxins in the lower sides of the elongating 
zones, and (6) to the inherent differences in the responses of 
stem and root to auxins. We shall refer below to Dolk’s work 
at Utrecht in support of contention (a). First, however, let us 
recall the results of Cholodny’s experiments, which, as was 
stated on p. 326, have been confirmed by Keeble, Nelson, 
and Snow. A coleoptile-tip of maize {i.e., the geo- 
perceptive region of this organ), or an agar-block containing 
auxin, retards the growth-rate of a decapitated maize root. 
This contrasts strikingly with the accelerating effect of auxin 
on decapitated eoleoptiles, and supports Cholodny’s contention 
(6) above. Further support was derived from experiments 
which showed that whereas root-tips retard the growth-rates of 
decapitated roots on which they are stuck, they accelerate the 
growth-rates of decapitated eoleoptiles. Hawker has demon- 
strated that shoot and root differ in their responses to 
auxin. She found that fixing root-tips of the broad bean 
eccentrically upon decapitated roots induced growth-curvatures 
in the direction of the covered side. This contrasted 
with F. W. Went’s experiment in which it was shown that 




^ part played by aux^ in geotropism is discussed in Snow’s review 
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decapitated coleoptiles curved away from the side covered by 

tips or agar-blocks containing auxin. 

It IS clear from the foregoing evidence that if auxin becomes 
more concentrated on the lower than on the upper sides of 
horizontally placed organs, growth-curVatures will inevitably 
occur, and that those performed by a shoot-organ will be away 
from the lower side (negatively geotropic) and those by the root 
towards the lower side (positively geotropic). 

We owe to Dolk’s work the important information that 
m some way or other as yet not known, gravity causes a 
redistribution of auxin in the tip of an oat coleoptile placed in a 
horizontal position. This redistribution leads, as is required by 
Cholodny’s theory, to the gathering of auxin in relatively 
greater concentration on the lower side of the tip. Dolk first 
ascertained the presentation-time for oat coleoptiles. He then 
decapitated coleoptiles that had lain horizontally for longer 
than this time, and placed the tips on agar, separating by a 
safety-razor blade the upper from the lower half of each tip {cf. 
F. W. Went’s experiment on phototropism). The agar-blocks 
that had been under the half-tips were subsequently placed 
eccentrically upon headless vertical coleoptile stumps ; unequal 
growth occurred, and from the resulting angles of curvature 
the relative concentration of auxin in each block and hence 
in each half-tip was computed. The concentration of auxin in 
the half-tips that had been lowermost appeared always to be 
greater than that in the half-tips that had been uppermost. 

An important point shown by Dolk was that neither the rate 
of growth nor the total amount of auxin present in coleoptiles 
was altered by changing these organs from a vertical to a 
horizontal position. The effect of gravity as an external 
stimulus upon auxin is, therefore, different from that of light. 
There is no gravity-growth reaction similar to the light-growth 
reaction demonstrated by Blaauw. It appears that geo- 
perception leads to a polarization of auxin in apices, and it may 
be inferred that this state of polarization gradually travels from 
the perceptive regions and induces curvatures in the elongating 
regions of the shoot and root, those regions nearest the percep- 


366 


PLANT MOVEMENTS 



tive tips being the first to react. It is supposed that auxin 
either directly or indirectly brings about an increase in the 
plasticity of cell-walls of coleoptiles (p. 828), and that this 
accounts for the differential growth-rates in these structures. 
To bring about the opposite tropic curvature in roots, the auxin 
may either have a different effect upon cell-walls, or alter the 
permeability or some other property of cells that are capable 
of expansion. Experimental evidence which might throw’' light 
on this obscurity is as yet lacking. It appears, however, that 
negative geotropism is correlated with an accelerating influence 
of auxins upon the growth of shoots and positive geotropism 
with a retarding influence of the same or closely similar auxins 
upon that of roots. It remains to be seen whether Cholodny’s 
theory will explain the plagiotropism towards gravity of 
secondary roots, lateral branches, and leaves, and of changing 
responses during development {p. 840) or through correlative 
adjustment to injury in another organ (p, 341). It may be, 
as certain investigators have suggested, that responses to 
gravity are not wholly tropic, and that w’^ork on the supposed 
nastic component of the total response wflll provide answ^ers to 
some of the outstanding questions. 

L Auxins and the Autotropic Reversals Following Certain 
Phototropic and Geotropic Curvatures 

In the experiment illustrated in fig. 47 it is seen that 
geotropic curvature of the stem does not stop when the stem 
has reached the vertical position. The over-curvature is, how- 
ever, followed by a straightening. This has for a long time 
been called an autotropic reversal. Since organs show this 
reversal by straightening, after undergoing geotropic curvature 
on a klinostat, following previous stimulation by gravity, it 
follows that not gravity but an internal state of affairs governs 
the straightening. Dolk showed that during rotation on a 
klinostat the distribution of previously polarized auxins 
speedily became equalized again. This would account for the 
stoppage of the movement of curvature but not for reyersal. 




AUTOTBOPIGREVEBSALS 367 

Similaily, F. W. \\ent found that the phototropic curvature in 
the dark subsequent to a single lateral illumination was 
followed by an autotropic straightening, and this he correlated 
with the regeneration of auxin in the tip. This regeneration 
would account for the cessation of phototropic curvature but 
not for autotropic reversal. 

Dolk has expressed agreement vs^ith Went’s explanation of 
autotropic reversals. Went pointed out that during growth- 
curvatures more cell-building materials (presumably foodstuffs) 
are being used on the side growing more rapidly. An excess 
would thus be left on the other side. When growth-stuffs again 
become equally distributed, the side previously growing less 
rapidly would grow more rapidly because it would possess 
residual foods in greater concentrations than the other side. 
Autotropic reversal would, therefore, continue until the 
concentration of foodstuffs as well as that of auxin was 
equalized all round the growing structure. 

There appears to be no reason why this simple hypothesis 
should not cover other straightening reversals following nastie 
curvatures and other growth-movements. 

J. The Hormone Theory of the Transmission of 
Stimuli in Sensitive Plants i 

The transmission of stimuli in sensitive plants is supposed 
to be the most rapid of all forms of stimulus-transmission that 
occur in plants. The rate depends upon the mode of stimulation 
and the state of the plant. Measurements have been made 
on the assumption that visible response takes place immediately 
the stimulus arrives at the pulvini, and variations in speed from 
2 to 13 millimetres per second have been recorded. ^ The notion 
of Sir Jagadis Chundra Bose that transmission is effected by 
the propagation of protoplasmic excitations along a sort of 
nervous system in plants was at no time generally accepted by 
physiologists, and has in recent years been supplanted by 

^ For an account of recent work see Ball (^). 

2 estimates of speeds of the order 30,000 millimetres per second, 

%vhich have been made for the transmission of stimuli in the nerves of 
higher animals. , 
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■■ another theory. Using exquisitely delicate physical methods, 

■ he has, however, collected a valuable mass of data, which, 
doubtless, will in time be interpreted in the light of modern 
knowledge (Bose, 24). . 

It had long been known that stimuli could be transmitted^ 
along ringed stems (Dutrochet, 1824), and lengths of stem 
which had been killed by exposure to the temperature 
of boiling water. Since, however, the mode of transmission 
appeared to differ from that in wdiole living plants, the 
possibility that under natural conditions living cells played 
some part in transmission could not be excludg^i^ The problem 
has been re-investigated in recent years. ^Ricc^ jemoved a 
ring of all tissues external to the w^ood and bored out the pith 
from a cut stem of a species of Mimosa, and found that the plant 
still responded to stimulation and that transmission took place 
at about the same rate as in whole plants. He inferred that 
under normal conditions the stimulus is transmitted through the 
wood. He next severed a stem of a whole plant and connected 
the rooted stump and cut shoot by means of a rubber tube filled 
with water, and made the discovery that the stimulus could be 
transmitted across the discontinuity through the watery 
medium. Ricca’s experiments have been confirmed and 
extended by gnow^ nd by(^^^md it appears to be rigidly 
established that transmission, differing not a whit from normal 
transmission, can occur from cut shoot to stump or in the 
reverse direction across a watery gap, that is in the complete 
absence of living cells. The conclusion was therefore drawn 
that transmission is effected by the movement of a chemical 
substance. As this substance arouses pulvini to activity it was 
designated by the term hormone, which was taken from the 
nomenclature of animal physiology. 

Preliminary experiments have indicated that this hormone is 
thermostable in the plant (c/. the earlier experiments on 
transmission along killed stems )t^but is thermolabile in watery 
extracts.’^t is not precipitated by lead acetat^^ knd does not 
protein reactions.^ |[t can diffuse through a collodion filter. 
j present view is that this hormone is liberated at the 
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point of stimulation, and, in normal conduction (which is the 
only form that occurs when the turgor is low and tensions in the 
tracheal elements high), is transported to the pulvini that it 
stimulates in the water-current which moves in the xylem. 
Both Snow and Ball have distinguished between this normal 
conduction and a more rapid conduction, which is supposed to 
occur when cells are in a state of maximum turgor. It has been 
that in this rapid conduction the hormone, when 
released, causes the contraction of neighbouring cells, probably 
in the pith. In collapsing, these highly turgid cells eject more 
hormones, and so by a relay mechanism, a rapid transmission 

takes place, which is independent ofthe movement of the water- 
curi’ent. It appears that only the pulvini of the main petioles 
are affected by this rapid conduction, for several experiments 
indicated that even under conditions favouring high turgor the 
reaction-times for secondary petioles and leaflets were of the 
relatively slower order characteristic of normal conduction. 


















APPENDIX I 

Notes on the Chemistry of Metabolic Products 

The principal metabolic products mentioned in the main 
body of this book will be classified in this appendix, on the 
basis of their chemical affinities. It will be seen that products, 
originating in different tissues (see chap. XI, section C) and 
playing very different parts in the life of a plant (see chap. XI, 
section D), may belong to the same chemical group of sub- 
stances. Although the number of individual substances pro- 
duced by plant metabolism is exceedingly great, it is possible to 
sort these substances into a relatively small number of groups. 

This is a noteworthy fact, for it bears the implication that 
metabolism in plants is directed along a limited number of 
main lines (see chap. XI, section F). 

The book of Haas and Hill (S3) has for some 3^ears been 
a standard work on this subject, and Steele (141) has recently w 
written a book for botany students on the chemistry of plant 
products. The experiments described by Onslow (16^4) serve 
to illustrate the principal chemical properties of metabolic 
products. For information concerning special groups of 
compounds the monographs on Biochemistry, published by 
Longmans, Green & Co. (e.g., Armstrong, 2; Armstrong 
and Armstrong, 3; Leathes and Raper, should be 
consulted. 

PART 1. ORGANIC COMPOUNDS FREE FROM 
NITROGEN 

The majority of the metabolic products Belonging to this 
class contain only carbon, hydrogen, and oxygen. Occasionally, 
however, metallic salts of organic acids, and esters of phosphoric 
acid are found, and, in a few compounds, sulphur is linked to 
carbon or to oxygen atoms. 
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A. Hydrocarbons and their Hydroxyl Derivatives 
Aliphatic hydrocarbons and their hydroxyl derivatives. 
(i) Hydrocarbons. There is no definite evidence that the 
lower members of the paraffin and olefine series of hydro- 
carbons are produced in the free state by the aerobic meta- 
bolism of green plants. ^ The presence among plant-products 
of semi-solid higher homologiies has, however, been reported. 
Sando (126) has separated the higher paraffin, triacontane, 
CsoHes! from the wax which covers the cuticle of the apple, 
and tiaces of hydrocarbons have been found in the waxes from 
other plants. 

groups (methyl, ethjd, propyl, isopropyd, the butyl and 
amyl radicals, etc.) and ethylenic linkages, are probably present 
in all living cells. Derivatives of the acetylene series of hydro- 
carbons have not been detected m plants. 

(ii) Alcohols. The lower members of the series of mono- 
hydric saturated alcohols are not normally found in the 
free state in plants.® Some of them— for example, methyl 
alcohol, CHgOH, ethyl alcohol, CgHgOH, and amyl alcohol, 
C5H11OH,— occur in combination with acids as esters. It 
is noteworthy that both chlorophyll a and chlorophyll b 
contain a methyl radical in ester combination. Higher 
members of the paraffin alcohols also occur in combination as 
esters. Thus carnaubyl alcohol, Cg^H^gOH, is found com- 
bined in the wax-like covering of certain leaves. Sando {loc. cit.) 
gave the name malol to the alcohol, CgoHigOg, which he dis- 
covered among the constituents of apple wax. He also detected 
the presence of dimyristyl carbinol, C2,H5gO, in this wax. 

Alljd alcohol, GHg : CH. CHgOH, a monohydric primary 
unsaturated alcohol, may be a precursor in plant metabolism 
of allyl sulphide, (€3115)28, the pungent constituent of garlic 
and of field peniiycress, and of allyl isothiocyanate, C3H5NCS, 

^ At the time of writing we await further evidence from the Low 
Temperature Research Station at Cambridge, that ethylene is the volatile 
substance produced in extremely small amounts, which promotes the 
ripening of the apple under natural conditions. 

^ Ethyl alcohol, however, accumulates in many plant-tissues under 
anaerobic and certain other abnormal conditions (see pp. 259, 278). 
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which occurs as a glucoside in the seeds of black mustard. 
Cinnamic alcohol (p. 374 ) is a phenyl substitution derivative of 
allyl alcohol. 

Dihydric alcohols (glycols) have not been detected in plantSs 
but certain of their oxidation products play an important part 
in plant metabolism. The first member of the series is called 
ethylene glycol, CH2OH.CH2OH. 

Glycerol, C3H3O3 or CH^OH . CHOH . CHgOH, a triliydric 
alcohol, contains one secondary and two primary alcoholic 
groupings. It does not occur in the free state in plants, but is 
found combined with acids in fatty oils and lecithins, and is 
therefore represented in all living cells. 

Some of the more complex alcohols are reduction products 
of the monosaccharides^^ Adonitol, CH20H.(CH0H)3.CH20H, 
which corresponds to the pentose, l-ribose, is found in Adonis 
vernalis. Several isomeric hexahyclric alcohols, possessing the 
structural formula CH20H.(CH0H)4.CH20H, and corre- 
sponding to hexose sugars, occur sporadically in plants ; 
for example, mannitol is a constituent of manna, celery, 
asparagus, cauliflower, carrot, etc. Sorbitol is present in 
ripe mountain-ash berries and in the fruits of several other 
genera of the Rosacese. An interesting point to notice is that 
two heptahydric alcohols and one octahydric alcohol, which 
are respectively related to heptose and octose sugars, have 
been discovered in plants. 

Aromatic hydrocarbons and their hydroxyl derivatives^ 
(i) Hydrocarbons, Benzene, CgHg, does not occur in the free 
state in plants, but hydrocarbons containing benzene residues 
are known. Thus styrene, CgHs.CH : CHg, occurs in storax ; 
and para-cymene, C6H4 . (CHg) . (CH , (CH3)2)[1:3],^ is found in oil 
of thyme and in eucalyptus oil. The molecular structure of 
p-cymene is closely related to that of the terpeiies (see below). 

(ii) Phenols, The compounds formed by substituting a 

^ In writing chemical formulse we shall place in curved brackets the 
symbols representing such atoms or radicals as have substituted hydrogen 
atoms attached to carbon atoms in the benzene ring. In order to illustrate 
this procedure, drawings of the graphic formulse of the dihydroxv- and 
trihydroxy -phenols are given later in the text. 
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hydroxjl group for a hydrogen atom in the benzene ring are 
called phenols. Thus ordinary phenol is monohydroxy- 
benzene, CgHgOH. Three isomeric dihydroxy-phenols are 

P w'/nWTf” 1 = 2-dihydroxy-benzene, 

LgH 4 (OH) 2 [l ; 2] ; resorcinol or meta- or 1 ; S-dihydroxy- 
benzene, CgH,(OH )2 [1:3]; and quinol or para- or 1 : 4-di- 
hydroxybenzene, CeH 4 (OH )2 [1:4]:— 



OH 


Catechol. Resorcinol. Quinol or 

hydroquinone. 

Phloroglucinol and pyrogallol are tri-hydroxy-phenols : 


OH 

X 

o 

:> 

o 

X 

\/ 

I*>Togallol 

1:2:3 trihydroxybenzene 
[1:2:3]. 

HO 

Phloroglucinol 

1:3 : 5 trihydroxybenzene 

CoH3(OH)3[1:3:5]. 


Ordinary phenol is of interest, as it is often used as an anti- 
septic in biochemical experiments. It does not occur in the 
tree state in plants. The polyhydroxy-phenols are widely 
distributed, in the free state ^ or in glycosidal combination. 
Catechol and pyrogallol groupings are represented in the 
tannins. Phenolic derivatives of the homologues of ben- 
zene are also widely distributed. For instance thymol 
CgH3.(C3H,)_(CH3)(OH)[l:2:5], occurs with cymene in oil of 
thyme, and imparts fragrance to this essential oil. 

^iii) ^'}Qin€itic alcohols* In the homologues of benzene, 
hydroxyl groups may also be substituted for hydrogen atoms 
attached to carbon atoms in the side-chain. For instance, by 

It should be noted thut positions 1 1 2 mid. .1 ; 3 in the benzene ring 
are identical with.l : 6 and 1 : 5 respectively. 

^ quinol occurs in the leaves and flowers of the cowberry. 
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introducing a hydroxyl group into toluene, we may 

obtain either a phenolic substance, viz., cresol (o-, or p ), 
CgH4(OH).(CH3), or a primary alcohol, viz., benzyl alcohol, 
CgHs.CHgOH. Cinnamic alcohoC CoHg.CH : CH.CH2OH, 
is another %velhknown aromatic alcohol. Saligenin, 
C6H4(0H).(CH20H) [ 1 ; 2 ], o-hydroxy-benzyl alcohol, is both a 
phenol and an alcohol. It is represented in the glucoside, 
salicin, which is found in the genus Salix. Coniferyl alcohol, 
CeH3(OH)(OCH3)(CH : CH.CH^OH) [ 1 : 2 : 4 ], a derivative of 
cinnamic alcohol, occurs as a glucoside, coniferin, in the bark 
of conifers. Vanillic alcohol, 

C 3 H 3 ( 0 H) . (OCH3) . (CH^OH) [ 1 : 2 : 4 ], 

affords another example of a phenolic alcohol containing a 
methoxyl groups 

Klason and Freudenberg are independently engaged in 
elucidating the molecular structure of the lignin molecule. 
No formula has as yet been accepted, but it appears that 
derivatives of coniferyl alcohol or of cinnamic alcohol may 
serve as the building-stones from which the giant molecules of 
lignin are constructed. Synthesis may be effected by the 
condensation of alcoholic and phenolic groups with the elimina- 
tion of water, ether-linkages being formed. We may represent 
the condensation of two molecules of hydrated caffeic alcohol, 
a derivative of cinnamic alcohol, thus : 

2 CeH3(0H)2.CH2.CH(0H).CH20H 

CeHalOH)^. CH 2 . CH(OH) . CH2-0-C6H3(0H) . CH^ . CH(OH) . CHg .OH. 

Evidently the number of condensations taking place in the 
production of the lignin molecule will determine its size. 

Reduced benzene derivatives. Benzene and its liomologues 
may be partly or wholly reduced by the addition of hydrogen. 
Complete reduction of benzene would yield the saturated ring 
compound, hexahydrobenzene, Inositol, C^Hg (OH)^, 

hexahydroxy-hexahydrobenzene, is an important substitution 
derivative of this compound. This poiyhydric alcohol, which 
possesses a sweet taste, ^ is widely distributed in the root- and 

1 Although inositol is isomeric with the hexose sugars, it is not a 
carbohydrate. 
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shoot-systems of plants. In certain seeds inositol is found 

combined as phytin. Phytin is probably an acid calcium and 

magnesium salt of inositol-hexaphosphoric acid, CftH (H PO ) 

« 6 6 \ 2 6 * 

xCH, 

Isoprene derivatives. Isoprene CgHg, dig : C-^ or 

for economy of space, CH , : C(CH3).CH : CHg, is a substit"uted 
ai-olenne, which does not occur in the free state in plants, but 
is set free by the decomposition at high temperatures of certain 
plant-products, e.g., rubber, turpentine. Residues of the 
isoprene molecule are found linked to one another or to other 
molecular structures in many important open-chain and cyclic 
metabolic products. It is not necessary that isoprene should 
itself be formed as an intermediate metabolite in the produc- 
tion of these compounds. It may well be that molecules 
containing two or three carbon atoms (such as acetaldehyde, 
methyl-glyoxal, pyruvic acid, etc.) become condensed in 
various ways, and then reduced, decarboxylated, etc., so as to 
produce complex substances which appear to be constructed 
from isoprene units. Evidently a similar type of metabolism 
underlies the production of the various substances to be 
discussed in this sub-section. It should be noticed that there 
is considerable diversity of functional significance among these 
substances. 

(i) Terpenes mid terpene-resms. Isoprene residues are 
lepiesented in the molecular structure of the essential oils^ 
known as terpenes. As examples of open-chain olefinic alcohols 
and aldehydes we may cite geraniol, CgH^g.CHgOH, and 
geranial, C9H15.CHO; and citronellol, and 

citronellal, The structural formula of citronellal 

CHg : C . (CHg) , CHg . CITg i CHg . CH . (CHg) . CHg . CHO, will sex’ve 

\ comprise those liquid components of plant-cells 

wliicli, like the fatty oils (see section C), are immiscible with water, but, 
unlike the fatty oils, are volatile in steam. They are the scented oils of 
plants, h rom the chemical standpoint this group of compounds is hetero- 
geneous. In addition to the terpenes, it includes many aliphatic and 
aromatic esters ; phenols and aromatic alcohols and aldehydes; substi- 
tuted benzene hydrocarbons (cymene, p-methyl-isopropyl-benzene) and the 
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to show how isoprene units may be represented in the combined 
form in these compounds. The monocyclic terpenes are mainly 
reduced benzene derivatives. Complex cyclic terpenes are also 
well known. The naturally occurring monocyclic and complex 
cyclic terpenes may be hydrocarbons {e.g., pinene and limonene), 
alcohols {e.g., menthol), or ketones {e.g., camphor). All these 
cyclic compounds appear to be constructed from isoprene units. 


V 

CHj CHz 

Limonene, 

a mono-cyclic terpene. 


H3C*C CH3 


Camphor, 
a bi-cyclic terpene. 


Terpenes have been detected in over 250 plant-species. 
They are widely distributed among 50 natural orders, such as 
the Coniferse, Rutaceje, Myrtacete, Labiatie, and Umbelliferae. 
Certain terpenes may be confined to a single genus or species, 
while other individual terpenes occur in widely different 
genera. Moreover, a single plant may produce more than one 
terpene. These compounds have been found in different parts 
of the shoot-system, and are frequently produced by specialized 
secretory glands. As examples of the distribution of terpenes, 
we note that the secretory cells of the rind of the lemon and of 
certain other citrus fruits contain citronellol, geraiiial, and 
limonene ; that the leaves of the peppermint contain menthol ; 
that pinene is represented in the resin exuded from the stems of 
conifers ; and that camphor is found in the wood of the 
camphor tree. 

The term resin is given to certain acidic substances which 
occur in plants pines and other conifers, the buds of horse- 
chestnut and certain species of poplar, etc.), either as amorphous 
vitreous solids, or in solution in essential oils, i.^., as balsams. 
Chemically, the resins form a mixed group, and our knowledge 
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of the constitution of many of them is still obscure ; but it has 
been proved that terpene-resins existd These are oxidation 
products of terpenes. For example, after the distillation of the 
balsam, turpentine, there is left a residue, coiophonium, from 
which a well-defined resin acid, abietic acid C20H30O2, has been 
isolated. The_ carbon skeleton of this acid is entirely composed 
of isoprene units. 

(ii) Carotinoids {or, aUernatwely, carotenoids). The researches 
of Karrer and R. Kuhn have in recent years led to the view that 
isoprene is represented in the molecular structure of the 
carotinoids. The cai'otinoids are yellow, orange, red, or brown 
pigments, which are insoluble in water, ^ but dissolve in ether, 
chloroform, and other solvents which dissolve fats. At least 
two carotinoids occur in every chloroplast, ^vhile non-green 
chromoplasts may contain several of these pigments. Some 
of these pigments {e,g,, carotin and lycopin) are hydrocarbons, 
others {e,g,, xanthophyll) contain alcoholic groups, and a few 
{e,g,, crocetin) are carboxylic acids. 

It appears that carotin, C4QH5g, w^hich is an invariable com- 
ponent of all chloroplasts, exists in three isomeric forms, which 
differ only slightly in their molecular structure. Karrer has 
assigned the following structural formula to carotin 

CHz V[CH-.CH C (CH,):CHVCH:CH{CH:C (CHxl CHrCHL-C CHg 

\ / ^32 3 a . ^2 

ctcHsJ ^(CHj-CHg 

It will be noticed that it is an unsaturated hydrocarbon with a 
long straight chain which terminates in homocyclic groups, viz., 
those of ^ 4 onone, 

Karrer assigned an open-chain structure to lycopin, 
which is found in the plastids of red tomatoes and of red 

pepper 

CH (CH-C (cH3)-CH:Ch)2-CH:C (CH3)*(cH 2)2 CH:C (CHjlg 

CH (CH:C (CH3)‘CH:CH)2*CH:C (CHsl-CCH^l^-CHrC {CH3)2 

^ There is also definite evidence that certain resins are phenolic deriva- 
tives. 

® (7/ the flavonic and anthocyan pigments (section F). 
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Carotinoid pigments may contain two or more hydroxyl 
groups. Thus the molecular formula of xanthophyll, which 
occurs wuth carotin in chloroplasts, is and a- and 

j8-forms have been recognized. Fucoxanthin, C 4 oHggOg, is the 
carotinoid which gives the brown colour to the Phaeophyceae. 

(lii) Phytol Phytyl alcohol or phytol, which 

exists in ester combination in chlorophyllj has recently been 
synthesized. Fischer and Ldwenberg have assigned the follow- 
ing formula to phytol : — 

(CH3)2CHCH2CH2*CH2CH(CH3)-CHs-CH2CHoCH(CH3)-CHo* 

CH2-CH2-C(CH3):CH-CH20H. 

This structural formula suggests that similar metabolic pro- 
cesses (cleavage, reduction, condensation, etc.) govern the 
formation of phytol, and that of the yellow and orange plastid- 
pigments. 

(iv) Sterols , — ^The protoplasm of all living cells contains at 
least one representative of a group of substances termed sterols. 
The principal animal-sterol is called cholesterol, C2 ,h,ph. 


CH3 (CH£)3-CH.(CH3)2 


XH 


CHi 


I cw 

CHa C ^CHa 


CHs 


XHz I ^CH ^CH- 


■CHa 


CHOH 


XHa 




CH 


CH 


Cholesterol. 


This is a cyclic compound composed effused reduced benzene 
rings with side-chains. Although sterols are not entirely com- 
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posed o£ isoprcne uni'tSj there Q.re strong mdiicfttions tlid<t there is 
some similarity between the anabolic events by which they are 
produced, and those which yield the carotinoids. We note that 
it is a moiiohydric alcohol and that it contains an iinsaturated 
linkage. Doubtless the phytosterols, for’ -example sitosterol, 
and stigmatosterol, C 29 H 4 ,^OH, are built on a similar 
structural plan. 

The sterols occur in association with true fats. They are 
soluble in fat-solvents, but, being alcoholic, are not saponified 
by caustic alkalies (p. 387). They constitute what is called 
the unsaponifiable residue. As they are quite insoluble in 
aqueous solutions, they may be separated from soaps by 
filtration. 

B. Aldehydes 'and Ketones 

We have already noted that aldehydes and ketones are 
represented in plants in the terpene group of essential oils 
{footnote, p. 375). Cinnamic aldehyde, which is the chief 
constituent of oil of cinnamon, and vanillic aldehyde (vanillin), 
which is .responsible for the scent of vanilla pods, provide 
additional examples of aldehyde components of essential oils. 

Several aldehydes, for example benzaldehyde, and the 
simplest ketone, acetone, occur in plants, combined as glyco- 
sides (section E). It has been suggested that vanillin, 
CeH 3 (OH)(OCH 3 )(CHO) [1 : 2 : 4], or coniferyl aldehyde, 
CeH3(OH)(OCH3)(CH : CH.CHO) [1 :2 :4], 
may enter into the composition of lignin. 

Great interest attaches to the aldehydes and ketones, such as 
formaldehyde, acetaldehyde, methyl-glyoxal, and pyruvic 
acid, which join in the carbohydrate metabolism of plants. 
Some of these substances are simple carbohydrates, and will 
be considered in the next section. The oxidation and reduction 
of aldehydes and ketones play an important part in intermediate 
metabolism. Aldehydes, R.CHO, are produced by the oxida- 
tion of primary alcohols, R.CHgOH. Denoting the oxidizing 
agent by A, we may write : 

; 2 R.CH 2 OH + A -> 2R.CHO + AH^. 


1 


|.pik 


5, If. 
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This type of change is called oxidation ■ by dehydrogenation: 
the alcohol, upon losing hydrogen, is oxidized, and the oxidizing 
agent, upon accepting hydrogen, is reduced. By such oxida- 
tions, formaldehyde, HCHO, would be produced from methyl 
alcohol; acetaldehyde, CH3.CHO, from ethyl alcohol; benz- 
aldehyde CgHg.CHO from benzyl alcohol ; cinnamic aldehyde, 
CgHg.CH : CH.CHO, from eiiinamic alcohol ; and glycollic 
aldehyde, CH2OH.CHO, and glyoxal, CHO.CHO, from 
ethylene glycol. 

These oxidations can be reversed, since aldehydes are easily 
reduced to the corresponding alcohols. This type of reduction 
results from the acceptance by the aldehyde of labile hydrogen 
from a so-called hydrogen-donator. In the following equation 

R.CHO + AH2 B.CHgOH + A 

AHg is the hydrogen-donator that acts as the reducing agent. 
It is itself oxidized by dehydrogenation. R.CHO is the 
hydrogen-acceptor and is reduced. Furthermore, aldehydes are 
readily oxidized and give rise to organic acids, 

2R.CHO + O2 2R.COOH. 

This equation suggests that oxidations may be brought about 
by the direct addition of oxygen (additive oxidation). Some 
authorities consider that even in this transformation, oxidation 
takes place by the dehydrogenation of a hydrated alcohol, 
R.CH(0H)2, and that oxygen acts as a hydrogen-acceptor. 
Upon oxidation, formaldehyde gives formic acid, H.COOH; 
acetaldehyde gives acetic acid, CHg . COOH ; benzaldehyde 
gives benzoic acid, CgHg.COOH; cinnamic aldehyde gives 
cinnamic acid, CgHg.CH : GFI.COOH ; glycollic aldehyde suc- 
cessively gives glycollic acid, CH2OH.COOH, glyoxalic acid, 
CHO.COOH, and oxalic acid, COOH . COOH ; and glyoxal 
gives glyoxalic and oxalic acids. 

Ketones (R1.CO.R2) are the first products to arise when 
secondary alcohols (Ri.CHOH.Rg) are oxidized. 

' :.': 2 Ri.choh.R 2 + 2R1.co.R2 +■ 2H2O. 

The mechanism of this oxidation is the same as that of the 
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oxidation of aldehydes. Moreover, ketones, like' aldehydes, 
are easily reduced to the corresponding alcohol Acetone, 
CH3.CO.CH3, the simplest ketone, has not been detected in 
the free state in plants living under normal conditions A The 
corresponding secondary alcohol is iso-propyl alcohol, 
CH3.CHOII.CH3.' 

Whereas in straight-chain aldehydic compounds, the 
aldehydic group is necessarily terminal, in straight-chain 
ketonic compounds the ketonic group is intercalated {cf. the 
formuhe for glucose and fructose in the next section). Hence 
ketones, unlike aldehydes, may give rise to two or more organic 
acids when they are oxidized. 

The molecules of aldehydes and ketones contain a carbonyl 
group. In consequence these substances show the properties of 
unsaturated compounds. For instance, they readily form 
additive compounds with (i) sodium bisulphite and with 
(ii) hydrogen cyanide. 


(i) R . C/ + NaHSOg R . CH(OH) . SOgNa 


O (aldehyde bisulphite). 

\c = O + NaHSOg -> \c( 0 H).S 03 Na 
R'^ R (ketone bisulphite). 

(ii) R.CHO + HCN->R.CH(OH).CN(aldehydecyanhydrin)2 

R R 

\c = 0 + HCN -> );C(OH) . CN (ketonecyanhydrin). 

R^ W 

111 addition the presence of the carbonyl group renders 
labile and reactive the hydrogen atoms attached to the a- 
carbon atom. Consequently aldehydes and ketones can 
undergo condensations. The aldol condensation, which occurs 
with great readiness, depends upon {a) the unsaturation of the 


^ It occurs, however, in the combined state in certain glycosides. 

® The cyanliydrin of benzaldehyde, CgH 5 .CH(OH).GN, is of con- 
siderable interest to botanists (see p. 404). It is known as mandelonitrile, 
since it is converted by hydrolysis into mandelic acid, CgHg. CH(OH),COOH. 
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carbonyl group, and {b) the lability of the a-hydrogeii atoms. 
From acetaldehyde, ordinary aldol is produced : 

CH3.CH = 0 -f H. j CH2.CHO CH3.CH(0H).CH3.CI10 

ordinary aldol. 

Upon dehydration this product is converted into crotonic 
aldehyde, CH3.CH : CH.CHO. The labile hydrogen atoms are 
confined to the a-carbon atoms in saturated aldehydes, but in 
ajS-unsaturated aldehydes, such as crotonic aldehyde, the 
reactivity can be transmitted to the y-carbon atom. 
Accordingly acetaldehyde and crotonic aldehyde can condense 
thus: 

CH3 CHO + Ha : CH-CH : CH CHO CH3 CH : CH CH : CH CHO+CHO. 

Aldehydes, unlike ketones, show a great tendency to poly- 
merize, i.e., the molecules possess the power of combining with 
one another to yield a substance with the same empirical 
formula, but with a higher molecular weight. The formation 
of aldol from acetaldehyde represents one form of polymeriza- 
tion, Formaldehyde may give rise to several polymers ; for 
example, a mixture of sugars called formose is produced by 
the action of dilute alkalies on solutions of formaldehyde : 


6 HCHO C3H12O3. 

On the basis of this reaction, Baeyer advanced the formaldehyde 
hypothesis of photosynthesis. 

Certain important compounds contain both ketonic and 
aldehydic groupings. They possess most of the general 
properties mentioned above. It is probable that pyruvic 
aldehyde or methyl-glyoxal,^ CH3.CO.CHO, is produced in all 
living cells by the cleavage'^of hexose carbohydrates and that 
it exists in solution as an equilibrated mixture of what are 
termed keto- and enol-forms. 


CH3.CO.CHO CHs : C(OH).CHO. 

keto-form of enol -form of 

methyl glyoxal. methyl glyoxal. 


Pyruvic acid CH3.CO.COOH is an oxidation product of 
the keto-form. According to a widely accepted theory, 


^ Glyoxal (CHO . CHO) is the type compound. 
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! the glycerol that accumulates in alcoholic fermentation is i 

derived from methyl-glyoxal (see p. 35 ). By the addition 
i of water to the eiiol-form we arrive at glyceric aldehyde, 

I CIlg.OH.CHOH.CHO. This compound yields* glycerol, 

. CH20H.CH0H.CH,0H upon reduction. 

C. Organic Acids containing Carbon, Hydrogen, and Oxygen, and 
their Derivatives 

f Suit umA estcT foTffiution f Tevevsible Teuctions* Organic 

acids (R.COOH) undergo electrolytic dissociation in water, and 
furnish hydrogen ions, H+, and organic anions, R. COO The 
organic anion combines with metallic ions to form molecules 
of salts, such as R.COONa, (R.COO)2Ca, (RCOONa)2, 
R(COOH)(COONa), and R(COO)2Ca. Such salts are widely j p 

distributed in plants. When organic acids combine with ' h 

alcohols, water is eliminated and organic salts called esters 
are formed : 

Ri.COOH + RgOH R1.COOR2 + H2O. 

I organic acid. alcohol. ester. water. 

This type of reaction, viz., the condensation of two organic 
molecules with the elimination of one molecule of w^ater, takes 
place in all living cells. The reverse process, viz., cleavage 
with the addition of a molecule of water, is called a hydrolysis. 

! A condensation which leads to the formation of an ester as 

j represented in the above equation is described as an esterifica- 

j tion. The alcohol and acid are regenerated, by the hydrolysis 

of the ester : 

Ri.COORa + Hp-^j^i.COOH + RgOH. : 

I The fact that esterification and hydrolysis are reversible 

i reactions may be symbolically represented by combining the 

( above equations thus : 

esterification 

RiCOOH + RgOH ^ RiCOORa+HaO- 

hydrolysis (v^) 

\ This equation implies that whether the reaction is started by 

I 

I i 

1 
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mixing acid and alcohol, or by mixing ester and water, the, 
final result will Be an equilibrium mixture of acid, alcohol, 
ester, and water. Let us suppose that the velocity of esterifica- 
tion at any time t during the course of the reaction is and that 


simultaneously hydrolysis is occurring at a velocity of 


Until equilibrium is reached wdll differ from t’g. Now the 
law of mass-action states that the rate of a chemical reaction is 
proportional to the concentration of the reacting substances. 
Hence, at any time 

[Rj.COOH] [RpH] 

= /b 2 [R,. COOR,] [H, 0 ] 

where the bracketed formulse represent the concentrations of 
acid, alcohol, ester, and water, at the time and are the 
velocity constants of the esterification and hydrolysis, respec- 
tively. At equilibrium the composition of the mixture of the 
four substances will remain constant. This equilibrium is 
dynamic, for esterification and hydrolysis are still proceeding, 
but at equal rates. Since Vi = V2 at equilibrium, 

fci[Ri.COOH] [R2OH] = kin^.COOR^] [H2O] 


or, 


[Ri.COOH] [RgOH] 


k^ 

t 


K (the equilibrium constant). 


[R.XOOR^] [H^O] 

The value of K is independent of the initial composition of the 
reaction mixture. Hence it follows that when dilute solutions 
are used, the percentage of acid and alcohol present at equili- 
brium will be relatively high, and the percentage of ester 
relatively low, hydrolysis will be favoured. Conversely, if 
concentrated solutions of acid and alcohol are used, esterification 
will be favoured. 

The time of reaching equilibrium in these reversible systems 
may be shortened by the addition of mineral acids to the 
reaction mixture. These acids take no part in the reaction, 
and are unchanged at the end of the reaction, they act as 
catalysts. Since the catalyst enhances and z;2 equally, the 
equilibrium constant is not altered. 
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Equilibrium will be disturbed in both catalyzed and uncata- 
lyzed reversible reactions if one of the products of the reaction 
is removed after equilibrium has been attained. Such removal 
could be effected in the system now under discussion either by 
the distillation of the ester ar the alcohol, or by the formation 
of the sodium salt of the acid upon adding alkali to the equili- 
brium mixture. The production of the substance which is 
removed would continue until dynamic equilibrium is once 
again reached or until one of the components of the reaction 
has completely disappeared. This principle will be illustrated 
belowq when saponification is considered. It is of importance 
in the theoretical treatment of problems of the chemical 
dynamics of living cells in which continuous reactions occur in 
certain directions as a result of the incessant production and 
removal of substances. Equilibrated states can only be 
attained when removal ceases. 

Monobasic aliphatic acids and fatty acids, and their esters. Fats, 
(i) Fatty acids. Acids belonging to this series possess an open- 
chain structure terminating with a carboxylic group. They 
may contain one or more unsaturated linkages. In the so-called 
higher fatty acids the length of the chain is considerable. In 
the lower members it is short. Among the lower members, 
acids possessing branched chains may be produced during the 
course of plant-metabolism. Neither those with an odd 
number of carbon atoms, nor those with a branched chain are 
found among the higher members which are represented in 
plant-fats. Saturated and unsaturated acids containing 
eighteen carbon atoms occur frequently in plant-fats. 

The lower members of the fatty acids are soluble in water. 
The solubility decreases as we ascend each homologous series. 
The higher members (say the and C^g acids) are insoluble, 
and possess an oily or, if solid, a waxy consistency. 

ClASSIFICATION OF FATTY ACIDS 

Saturated fatty acids Fomaie acid, H.COOH; 

acetic acid, CHgCOOH ; normal butyric acid, CgH^.COOH; 

THOMAS’S PLANT PHTS. 13 
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iso-valcric acid, {CH3)2.CH.CH2.COOH ; caproic acid, 
0113(01-12)4. COOH ; caprylic acid, CH3(CH2)6’COOH ; palmitic 
acid, CH3( 0112)14. COOH ; stearic acid, CH3(CH2)ie.OOOH ; and 
carnaubic acid, 0H3(0H2)22 • COOH. 

Vnsaiurated fcdty acids, 0,J-l2«_.^2 (where x = 2, 4 , 6, or 8). 
Oleic acid, C18H34O2, or OH3.(OH2)7*CH : OH.(CH2)7.COOH ; 
linoiic acid, O13H32O2 ; linolenic acid, CigHg^Og. 

Vnsaturated hydroxy fatty acids, 0,'H2^^„2O3 ? Ricinoleic acid, 
Ci 7 H 32 (OH)COOH. 

The higher fatty acids may accumulate in plant-cells when 
fats are hydrolyzed. Some of the others occur sporadically 
in the free state. Formic acid may, by micro-chemical tests, be 
readily detected in the stinging hairs of the nettle. Iso-valeric 
acid is present in the roots of valerian and angelica, and in the 
berries of the wayfaring tree.^ Acetic acid probably plays an 
important part in plant-metabolism, since it is an oxidation 
product of acetaldehyde. 

(ii) Volatile esters. Esters of fatty acids are widely distri- 
buted in nature. Oertain volatile esters are members of a 
group of the substances knowm as essential oils (p. 875 ), They 
must be distinguished from fatty oils (see below). The 
fragrance of certain fruits results from the production of 
volatile esters (p. 211). 

(iii) Waxes. Esters of higher alcohols with higher aliphatic 
acids have been found among the components of the wax-like 
coverings of certain plant-members.'^ For example, carnaubyl 
carnaubate, C23H47.COOC24H43, an ester of carnaubic acid, 
C23H47.COOH, with carnaubyl alcohol, C24H43OH, occurs in the 
wax on the leaves of the Brazilian palm. 

(iv) Fats. Fats are esters which are produced by the 
condensation of three molecules of the same or of different fatty 
acids with glycerol. Plant-fats are liquid at ordinary tempera- 

1 It should be noted that a substance which occurs sporadically in 
nature may be produced in widely different genera. 

2 It should be noted that not all the wax-like secretions found on the 
surface of a plant are esters. According to Sando (126) the wax-like 
coating on the surface of the apple is composed of a higher hydrocarbon 
and two complex alcohols (p. 371). 
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tures, and are, in consec|uence, often called fatty ^ oils. It is an 
important fact to note that only those fatty acids . whieli 
contain an even number of carbon atoms (e.g,, acetic, butyric, 
caproic, palmitic, stearic, oleic, linolic, linolenic, and ricinoleic) 
occur in fats. Moreover, acids with branches} chains have not 
^ret been discovered in fats. 

Fats are present in all living cells, but are most abundantly 
found in the storage-tissue of the so-called oily seeds. Typical 
of the names given to fatty oils are palmitin (which occurs in 
palm-kernels), olein (which occurs in the fruit of the olive), and 
hutyrin (which occurs with palmitin and olein in coco-nut 
endosperm). When these fats are hydrolyzed they yield the 
corresponding fatty acids and glycerol. Hydrolysis may be 
catalyzed by acids or alkalies, or by the enzyme lipase. For 
instance, glycerol and palmitic acid are produced by the 
hydrolysis of palmitin. This fat is probably formed in ripening 
palm kernels by the condensation with dehydration of glycerol 
and palmitic acid : 


CH«“OOC-C_H^ 

I C. .. 


HVDROLVSIS 


CH“OOC-CjgH^j -f SHgO 


CHgOH 


CHOH + 3C H. COOH 
I 15 


condensation 


Palmitin, or glycerol Glycerol. Palmitic acid, 

tripalmitate. 

This reversible reaction provides us with an example of the 
generalized system discussed on page 384. 

Hydrolysis carried out in alkaline solution is called saponifica- 
tion, because the alkaline salts of some of the fatty acids 
sodium palmitate), are used as soaps. 

(Ci5H3iCOO)3.C3H5 + 8NaOH->3Ci5H3iCOONa + C3H5(OH)3. 

If excess of alkali is used, the fat will be completely saponified, 
since, by combining with the alkali, the fatty acids set free will 
be immediately removed from the reacting system. 
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Fats are insoluble in water, but dissolve in ether, petroleum 
ether, chloroform, and certain other solvents.^ 

Subsfittded monobasic aliphatic acids. Many monohydroxy 

monobasic aliphatic acids play an important part in plant- 

metabolism. Th% carbon atom adjoining the carboxylic group 

in a monobasic acid is known as the a-carbon atom, the next 

as the jS-carbon atom, and so forth. Thus glycollic acid, 

CHgOH .COOH, is a-hydroxy-aeetic acid ; and lactic acid, 
* ■ 

CHg.CHOH.COOH is a-hydroxy-proprionic acid. The 
a-carbon atom in lactic acid is asymmetric (see p. 389 ) ; conse- 
quently this acid is optically active. The dextro-rotatory 
form accumulates in the muscle-tissue of animals during 
exercise. Some of the derivatives of ^-hydroxy-proprionic 
acid, CH^OH.CHg.COOH, occur in nature. 

The a-ketonic acid, pyruvic acid, CH3.CO.COOH, plays an 
important part in plant-metabolism. It is an oxidation 
product of pyruvic aldehyde or methyl-glyoxal (p. 35), and is 
converted by reduction into lactic acid. Carbon dioxide is 
eliminated (decarboxylation) and aldehydes are formed when 
many a-ketonic acids are acted on by the enzyme, carboxylase. 
For instance, acetaldehyde and carbon dioxide are produced 
as a result of the decarboxylation of pyruvic acid. 

Polyhydroxy-monobasic acids are produced by the partial 
oxidation of monosaccharides. For example, gluconic, galac- 
tonic, and mannonic acids, might all be described as oc^ySe- 
pentahydroxy-caproic acids, GHgOH . (CHOH)4 . COOH. 

Dibasic aliphatic acids. Several of these acids and their 
hydroxy-derivatives are very commonly met with in plant- 
cells, and probably play an important part in protein meta- 
bolism. Oxalic acid, (COOH)2, occurs in the free state in cell- 
sap (e.g., in the leaves, but not in the edible petiole of rhubarb), 
and is widely distributed as the insoluble calcium salt, 
( COO )2Ca . Among the higher homologues are malonic acid, 
CH2.(COOH)2, which is found as the calciurn salt in beetroot ; 

1 In addition sterols, lecithins, chlorophyll, the carotinoids, waxes, and 
other substances, are soluble in the above-named fat-solvents. It should 
be noted that proteins and carbohydrates are insoluble in these solvents. 
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succinic acid, COOH . CH 2 . CHg • COOH, which has been detected 
ill many plant-organs (e.g., in the flesh-tissue of the apple and in 
lettuce leaves), and glutaric acid, COOH. (CHg^g. .COOH, which 
is present in the root of sugar beet. 

Malic and tartaric acids are well known hydroxy-derivatives, 

Malic acid or hydroxy-succinic acid, COOH . CH^ . CHOH . COOH, 
and malates are abundantly present in certain succulent 
plants, and in the unripe fruit of the apple. Tartaric acid or 

diliydroxy-siiccinic acid, COOH . CHOH . CHOH . COOH, is 
widely distributed. For example, it occurs as the acid potas- 
sium salt in grapes. 

Malic acid contains one asymmetric carbon atom ; ^ d-, and 
racemic forms, have been prepared by chemists, but only the 
^form occurs in plants. Tartaric acid contains two asymmetric 
carbon atoms, and chemists, in addition to preparing the d-, 
and racemic forms, have isolated a further isomer, meso- 
tartaric acid, which is inactive owing to internal compensation. 
The dextro-acid is widely distributed in fruits, and the racemic 
acid has also been found in certain varieties of the grape. 

Some of the polyhydroxy-dibasic acids are related to the 
sugars. Ten stereo-isomeric acids possessing the formula 

COOH , (CH0H)3 . COOH are possible. We mention as 
examples, (a) saccharic acid obtained by the oxidation of 
glucose, (b) mucic acid, obtained by the oxidation of galactose. 

Fumaric acid, COOH . CH : CH . COOH, an unsaturated 
dibasic aliphatic acid, has been detected in genera of the 
Fumariacese and Papaveracea^. It may arise from the 
dehydrogenation of succinic acid, and, by reduction, it may be 
reconverted into succinic acid. 

Tribasic aliphatic acids. We note that tricarbaliylic acid, 
COOH.CH 2 .CH(COOH)*.CH 2 COOH, and its unsaturated deri- 
vative, aconitic acid, COOH.CH : C(C00H).CH2. COOH, which 
occur together in unripe beet, belong to this group. The best 
known tribasic aliphatic acid is the hydroxy acid, citric acid, 

COOH .CHa . C(OH) . COOH . CHg . COOH. 

1 We shall denote asymmetric carbon atoms by means of asterisks. 
This has already been done for lactic acid. 
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Its affinity to acoiiitic acid is demonstrated, by the fact that it 
can in vitro be converted by dehydration into acoiiitic acid. 
Citric acid contains the same number of carbon atoms as that 
foiiiid in hexose sugars, and it is noteworthy that this acid is 
formed when certain moulds ferment glucose. Citric acid is 
widely distributed in plant-organs, e.g., citrus fruits, in the free 
state. Lemon juice contains about seven per cent, of the free 
acid. Calcium citrate has been found in certain roots. 

Aromatic aeklis. Aromatic acids occur in the free state, and 
also combined as esters and glycosides. Tannins, which are 
found in colloidal solution in the sap of man}^ plant-cells, are 
produced by the condensation of certain phenolic acids. 

We shall consider only a few examples of a numerous group. 
Benzoic acid, CgHg.COOH, does not occur in the free state but 
may be obtained by heating a plant-resin called gum -benzoin. 
Salicylic acid, CgH4(OH).COOH, is found as the methyl-ester in 
GauUheria promnibens. Protocatechuie acid, CgH3(OH)2.COOH, 
has been found in the scale-leaves of the onion bulb. Gallic 
acid, CgH2(OH)3.COOH, occurs in the leaves of Thea (tea). 

COOH COOH coow cooh 

/N /\ 

V 

Benzoic 
acid. 

It should be noted that protocatechuie and gallic acids are 
derivatives of catechol and pyrogallol respectively. These 
acids are the units from which the complex tannins ^ are built. 
For example, two molecules of gallic acid condense to give what 
is called a didepside : • 

CgH2(OH)3.COOH + OH.CgH2(OH)2.COOH 

C6H2(0H)3.C0--0--CgH2(0H)2.C00II +^H 

Didepside of gallic acid. 

^ The catechol-tannins are derived from protocatechuie acid, and the 
pyrogaliol-tannins from gallic acid. Aqueous solutions of catechol-tannins 
are coloured green and of pyrogaliol-tannins dark blue by ferric chloride. 


OH OH 

Salicylic Protocate- Gallic 

acid, clinic acid. acid. 
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Further condensation leads to the formation of tridepsides, 
and so forth. Sometimes the depsides unite with glucose to 
give gliicosides : for example gallo-tannic acid, the tannii! 
contained in oak galls, is a compound in which didepsidi^ 
residues of gallic acid are combined with the five free hydroxyl 
groups of ordinary glucose. It may therefore be called peiita- 
di’galloyl glucose. 

H3'droxy-d,erivatives of cinnamic acid, CgH^.CHiCH . COOH, 
form an interesting series of aromatic acids which contain an 
imsaturated linkage in the side-chain. Ortho-coumaric acid, 
caffeic acid, and aesculetic acid, are found in glycosidal union. 
In o-coumaric acid and in aesculetic acid internal condensation 



Cinnamic o-Coiimaric Caffeic Aesculetic 

acid. acid. acid. acid. 


with the formation of the lactones o-coumarin and aesculetin 
readily takes place owing to the proximity of the carboxylic and 
hvdroxyl groups. o-Coumarin is responsible for the fragrant 
odour of hay containing sweet vernal grass, and of the tonka 
bean used in perfumeries. In the late spring, the scent of o- 
coumarinis strong in woods in which sw^eet woodruff is withering. 




o-Coumarin. 


CH:CH COOH 



o*Coumaric acid 
glucoside. 


The healthy living cells of these plants contain a non-odorous 
glucoside of coumaric acid, which is hydrolyzed during late 
senescence. o-Coumaric acid is thus set free, and undergoes 
internal condensation with the elimination of water to give 


i 

i 


o-coumarm. 
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Complex acidic substances, (i) Pectic substances. The peetic 
substances of plants have in recent years been subjected 
to much investigation because they are of commercial impor- 
tance in the jam-making industries. Protopectin (which used 
to be called pectose) is the name now given to the pectic com- 
ponent of cell-walls. This substance may possibly exist in 
loose chemical combination with cellulose. It can be separated 
from cell- walls as commercial pectin or pectinogen. Pectin is 
soluble in water, and occurs in the cell-sap of many plant- 
organs (e.g., succulent fruits). Pectin is either a tri- or a 
tetra-methyl-ester of methylated pectic acid. In the structural 
formulae given below for this acid, and for pectin, residues of 
galactose, galacturonic acid, methylated galacturonic acid, and 
arabinose, are represented by Ga, Ga(COOH), Ga'(COOH), and 
A, respectively. Pectic acid may be described as galacto- 
arabino-tetra-galacturonie acid. The sugar- and sugar-acid 
residues are connected by glycosidal linkages. 


Ca (COOH)-0-&a.(C0OH)^O-Oj>. &a.-(COOCH3)-O-0B.''(C00CH3')-0-06. 


I ? 

Ga. (coon) - 0 - Go.(COOH} - 0- A 

Pectic acid 

(galacto-arabino-tetra-galaeturonic 

acid). 


6(^tCOOCH3)-0“Ga.'(COOH)-0-A 

Pectin. 


Calcium, magnesium, iron, and other metallic elements, may 
occur in combination with the carboxylic groups in pectin or 
pectic acid. It has long been known that calcium pectate is 
a component of the middle lamella of cell-walls. 

(ii) Gums, The gums found in plants are mixtures of different 
compounds. They always contain pentosans. For instance, 
araban is a component of gum-arabic, and xylan accurs in 
wound-gum from wood. Gums may also contain^exosans. 
They are included in this section because they always 
contain organic acids. The composition of these acids is 
unknown. 

(iii) Cutm and suberin. Both the cutin of plant-cuticle and 
the suberin of cork are mixtures of several compounds, viz., 


I 
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condensation and oxidation products of certain xinsaturated 
fatty acids, and esters and soaps of these acidic products. The 
following acids have been recognized among the products 
obtained by hydrolyzing suberin with alcoholic soda : phelloiiic 
acid or a-hydroxy-behehic acid, CH3.(CH2)i9.GH()H,COOH ; 
phloionic acid, a dibasic acid; phloionolic acid or 

trihydroxy-stearic acid, GjgHggOg ; and corticinic and suberolic 
acids, whose composition is not yet determined. 

D. Carbohydrates 

Most of the naturally occurring carbohydrates may be 
represented by the general formula, C^(H20),,d They can be 
classified according to their relative complexity as {a) mono- 
saccharides ; {h) di-, tri-, and tetra-saccharides ; and {c) poly- 
saccharides. The members of groups {a) and (6) are called 
sugars. They dissolve in water, giving crystalloidal solutions 
with a sweet taste. An essential part of the structure of a 
sugar is an aldehydic or a ketonic g^up, in association with 
one or more alcoholic groupings. 

Monosaccharides, The general formula of most of the 
naturally occurring monosaccharides is C^(H20)^. By classify- 
ing monosaccharides according to the number of carbon atoms 
in the molecule, we may recognize sub-groups of sugars termed 
dioses, trioses, tetroses, pentoses, and hexoses. Other sub- 
groups in which the value of x is greater than 6 are known. 

Monosaccharides containing aldehydic groupings are called 
aldoses, and those containing ketonic groupings are called 
ketoses. 

(i) Dioses, trioses, and ieiroses, Glycollic aldehyde, C2H4O2 
or CHgOH.CHO, is the simplest monosaccharide. Its proper- 
ties wilt evidently be those of a primary alcohol and of an 
aldehyde. Reduction gives glycol, CHgOH-CHgOH, oxidation 
proceeds via glycollic acid, CHgOH-COOH, to oxalic acid, 
COOH.COOH. ' Dihydroxy-acetone, CHaOH.CO.CH^OH, is 

^ Rhamnose (CgHiaOg), a methyl-pentose, is, however, a well-known 
exception. 


,j 

A 



^ Possible variations 
indicated on p. 396. 


in the molecular structure of a given pentose are 
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a keto-triose which yields glycerol on reduction. Glycerol is 

also formed b)- the reduction of an aldo-triose, viz. ‘glyceric 

aldehyde, CH 2 OH.CHOH.CHO. This compound contains an 
asymmetric carbon atom, and d-, 1-, and racemic forms, are 
known. On reduction, asymmetry is destroyed ; consequently 
glycerol is not optically active. Isomers become increasingly 
numerous in the more complex monosaccharides. At least six 
tetroses, C^HgO^, exist. There are two optically active keto- 
tetroses, CH 2 OH.CO.CHOH.CH 2 OH, and four optically active 
aldo-tetroses, CH 2 OH.CHOH.CHOH.CHO. It should be 
noted that in the aldo-tetroses the two asymmetric carbon 
atoms act independently in producing optical isomers. An 
aldo-tetrose is converted, by oxidation, into one or more of 
the tartaric acids, COOH.CHOH.CHOH.COOH. 

(11) Pentoses. The pentose sugars, CgHi^Oj, comprise 
aldoses and ketoses, but only the former are of interest to 
otanists. Four pairs of optical isomers can exist in the aldo- 
pntoses, CHgOH.CHCli.CHOH.CHOH.CHO. These have 
been name^d d- and 1-xylose, d- and 1-arabinose, d- and Z-ribose, 
and d- and Z-lyxose. Of these, only Z-arabinose, d-xylose, and 
obribose, are represented in plants. 1 It is doubtful whether 
they occur in the free state, but d-xylose and Z-arabinose 
are widely distributed as condensation products in the 
polysaccharides called pentosans, and in certain glycosides. 
It^is probable that d-ribose is a component of yeast nucleic 

3C1Q,« ' 

(iii) Hexosesugars(CeH,20e)arepresentin all living 

ce s. They constitute the reducing sugars in plants, and form 
osazones (see Onslow, 104). Eight pairs of optically active 

aldo-hcxoses, CH2OH.CHOH.CHOH.CHOH.CHOH CHO 

are known to chemists, viz., d- and Z- forms of glucose! 
mannose, galactose, idose, gulose, talose, allose, and altrose. 
Our task IS simplified since of these isomers only d-glueose. 
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{|-mannose, and d-gaiactose are represented in plants. Only 
d-glucose has been found in the free state. 


CHO 

CHO 

j 

CHO 

1 

H — C -OH 

OH-C* — H 

1 

H — C*-0H 

1 

OH-C* — H 

OH-C'—H 

j 

OH-C — H 

j 

H — C"~0H 

H-— C—OH 

OH-C — H 
l« 

H — C~0H 

X 

1 

-o- 

! 

o 

X 

H — C ”0H 

CHaOH 

CH 20 H 

CHgOH 

d-Glucose.^ 

d-Mannose.^ 

d-Galactose. 


Recent work has shown that every hexose individual can 
exist in several distinct forms.. Two forms, a- and of 
d-glucose have been isolated. They are both dextro-rotatory. 
The a-form has the stronger rotatory power. It has been 
observed that the optical rotation of freshly prepared aqueous 
solutions of the a-form steadily decreases, while that of solutions 
of the jS-form steadily increases. Since in solutions of either 
form the same final equilibrium value is reached for the same 
initial amount of sugar, it has been eoneluded that glucose, 
when dissolved in water, quickly becomes an equilibrated mix- 
ture of the a- and ^-forms. The changes in rotation comprise the 
phenomenon known as mutarotation. It is generally accepted 
that the existence of two forms of d-glucose results from the 
appearance of an additional asymmetric carbon atom (which is 
marked with an avSterisk in the formuhe given below), when the 
sugar assumes a ring structure 

CHO 
I 

-c- 


H— C-OH 

H-C-OH ^0 


HO- 

H — 


HO-C-H /v 


-c- 

I 

-c- 

I 

H C- 

I 

^ CHg-OH 


-OH 
— H 
-OH 
-OH 


HO-C 

/ \ 

-C-OH 0 


HO-C 

H 




a-Glucose. 
(Amylene-oxide or 
pyranose form.) 


( Intermediate {ihase 
during mutarotation.) 


H 

C'— OH 
Glucose. 




(Amylene-oxide or 
pyranose form.) 


1 The formulae of the optical isomers /-glucose, /-mannose, and /-galactose, 

would be mirror images of the formulae drawn above. . . 

2 It should be noticed that a- and jB-glucose are stereoisomenc but not 
optically isomeric substances. 
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This ring structure may alternatively be termed the amylene- 

I 0 j 

oxide ring (C C C — C — C — C), or the pyranose r ing i There 
is no definite evidence of the occurrence in nature of butylene- 

I 0 I 

oxide (C C — C — C — C — C) or furanose ^ aldo-hexoses. 

HC CH CH-OH CHj CHOH CH-CHj-OH 


r?' : 


pi 

f I''!';'' 




i I 

■;< • i 

t ; LI 

H ; ' !' 

f : r 
‘ J ' 

u £? ^ I * 


^CH CMHyCH-OH WOH CH-OH 
CHa Xf+OH Xl^OH 

Pyran. Pyranose form Pyranose form 
of aido-pentose. of aldo-hexose. 
(Amylene-oxide or normal sugars). 

CH-CHgOH C WJ^CH-CHOH-CHgOH 

HC CH CH-OH—CH-OH CH-OH-CH-OH 

Furaii. Furanose form of Furanose form of 
aldo-pentose. of aldo-hexose. 
(Butylene-oxide or active sugars.) 

Of the many possible isomerides of keto-hexbses possessing 
the formula, CHaOH. CO. CHOH. ClfoH. CHOH. CH^OH, only 
fructose (or levulose) occurs in nature. It is probable that 
uncombined fructose is nearly always present in the cells of 
higher plants. It also occurs in combination with other sugars 
in cane-sugar and raffinose ; and the polysaccharide, inulin, is 
a condensation product of fructose. Naturally occurring 
fructose is opticaUy active and rotates the plane of polarized 
light to the left. It is, however, termed d-fruetose, since it is 
stereo-chemically related to d-glucose. The amylene-oxide or 
pyranose formula has been assigned- to uncombined stable 
fructose. Fructose exists in the butylene-oxide or furanose 

^ pointed out that amylene-oxide sugars mav be 

regarded as derivatives of pyran. and butylene-oxide ?rTsug^?s as 
derivatives of furan. For pentose sugars, one mav soLk of nento 

aKex?fumno^"s°' v'T"® n ’ for^hexose sugarsf of hexo-p^noses 

equilibrated SSnm f‘=”ring glucose may be described as an 

equiiiDrated mixture of a- and j5-forms of d-gluco-pyranose. 
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form when combined in cane-sugar and, in hexosephosphoric 
ester, and possibly also in inulin. This form is considerably 
more reactive than stable fructose, and it is probable that, 
preparatory to cellular oxidations and certain other metabolic 
events, protoplasmic systems convert fructo-pyranose (stable 
fructose) into fructo-furanose (reactive or y-fructose). 


t /“x 

CHgOH 

1 

CO 


HOCHi'COH CHa 

j 

HO-C—H 
■ 1 

HOCHg-COH CH-CHgOH 

i ■ ^ 

H — C-OH 



CHOH CHOH 
\ 

H — C-OH 

1 

CH(0H)-CH0H 

/ XHOH 

CHgOH 


Fmcto-pyranose 

Ketonic 

Fructo-furanose 

(Normal fructose or the 

intermediate 

(y-fructose or the 

amylene-oxide form). 

stage. 

butylene-oxide form). 


Turning now to certain derivatives of the hexoses we note 
that four distinct hexosemonophosphates, C6Hii^5(P04H2)> 
and hexosediphosphates, C6 H;^q 04(P0 4112)2, have now been 
isolated from the products of the alcoholic fermentation of 
hexoses by yeast in the presence of phosphates. According 
to Morgan and Robison (.^), the diphosphoric ester of fructo- 
furanose of active fructose) is produced, whichever sugar 
(glucose, fructose, or mannose) is fermented by yeast juice. 

HgPO^-OHgC COH CH-CHaO-O^PHa 
CH(0H)~CH0H 

1 : 6-diphospboric ester of y-fructose. 

The alcoholic grouping in sugars may, in addition to the 
ketottic or aldehydic groupings, undergo oxidation. Gluconic 
acid, €H20H.(CH0H)4.C00H, arises when the aldehyde 
group in glucose is oxidized ; by the oxidation of the secondary 
alcoholic group glucuronic acid, COOH.(CHOH)4.CHO, is 
formed ; and saccharic acid, COOH.{CHOH)4.COOH is pro- 
duced by the oxidation of both of these groups. ^^-Galacturonie 
acid, CHO.(CHOH)4.COOH, which is formed by the oxidation 
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of galactose is a constituent of pectic acid. It has been sug- 
gestcd that f-arabinose is produced in the plant by the decar- 
boxylation of d-galacturonic acid.i The keto-sugars, like 
ketones as a class, are cleaved by oxidation into two or more 

acids. Fructose gives tartaric and oxalic acids. 

In water, or in weakly acid solutions, monosaccharides are 
^'cry stable, but undergo interesting transformations in weakly 
alkaline solutions. For example, in N/20 calcium hydroxide 
<i-glucose, d-mannose, and d-fructose, are each converted into 
a mixture containing all tliree of these sugars. The same 
molecular rearrangements are brought about in solutions of 
djsodium phosphate. The structural similarity between the 
three sugars named should be noticed. It has been suggested 
that the transformation takes place vid a common enol-forni 
CH0H:C(0H).(CH0H)3.CH,0H. Galactose is never p™: 
duced under these conditions. 

In stronger alkalies {e.g., 0.4N potassium hydroxide) oxygen 
]s absorbed and sugars undergo oxidation. Vegetable acids, 
methyl-glyoxal, ethyl alcohol, and carbon dioxide, have been 
detected among the products of oxidation. Sugars may also 
be oxidized in viiro by hydrogen peroxide, or by permanganates, 
t has been found that ferrous saft can catalyze certain of 
these oxidations. Fructose is more readily oxidized than 
glucose, and the furanose form (reactive or y-fructose) more 
readily than the pyranose foi'in. 

Cell-sap is rarely alkaline, but it is possible that protoplasmic 
systems in vivo induct cleavages in sugars similar to those 
brought about by alkaline solutions in vitro. 

M-, M-, m,d tetra-saechaHdes. It is jirobable that di-, 
tri-, and tetra-saccharides, are produced in vivo by the con- 
densation with the elimination of water of two, three, or 
four, monosaccharide molecules. Union takes place between 
hydroxyl groups in the combining molecules. In at least 
one of the monosaccharides the hydroxyl group attached 

1 ' rf-galaetose and /-arabinose are often represented 

together in complex- polysaccharides has often been noted. There is a 
similai association between d-glucose and d-xylose. Possibly xylose is 
produced by the decarboxylation of glucuronic acid. 
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to the aldehydic or ketonic carbon atom is, as a rule, involved. 
The product of the reaction is then termed a glycoside. Evi- 
dently either a-glycosides or |5-glycosides may be produced by 
the condensation of monosaccharides. ■ . . ' 

for the production of a disaccharide from, hexose sugars we 
may write : 

condensation 

GeHiaOs + CeHiaOgTZZZZZZli + Hp. 

hydrolysis 

Disaccharides are easily hydrolyzed by hot dilute solutions of 
mineral acids (which act as catalysts) or by their specific 
■hydrolyzing enzymes at ordinary ■ temperatures, and the 
constituent monosaccharides are set free. Consequeiitlv it 
has been suggested that when either condensation or hydrolysis 
is effected in vivo an equilibrated state is reached (rf. reunarks 
.on esterification, p. 384). 

The diversity which exists among disaccharides. possessing 
the molecular formula he attributed to several 

causes. First, the constituent hexose sugars may be different. 
Cane-sugar or sucrose (glucose residue-O-fructose residue), is 
obviously different from malt-sugar or maltose (glucose 
residue-O-glueose residue), and from melibiose (glucose residue- 
0-galactose residue).. Cane-sugar isv a giucose-fructoside ; 
maltose a giucose-glucoside ; ' and melibiose a glucose- 
galactoside. ■ 


{o<0R/3)CH0H CCHOh) CHCH CHOH 

' ■ , ■ o ■ ■ 

(CHOH)^ CH CH^OH 

L . . { 

Maltose (a-ghicose-a-glucoside) or 
cellobiose (^-gliicose-jS-glucoside). 

Secondly, diversity may result from the. union of different 
forms of the same sugar. Thus both maltose and eellobiose 
(glucose residue-O-glucose residue) give only d-giucose : ' on 
hydrolysis. There are, however, good reasons for believing 
that .maltose is : an a-glucose-a-glucoside is produced by 
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the condensation of a-giucose with itself), and that cellobiose is 
a p~gIneoside {Le., is produced by the condensation of ^-glucose 
with itself). 


^CHOH— CHOH 
HOCHaCH ^CHOH 

^0 




ChoH — CHOH 


“CH-CH,OH 


CHpOH 


Gluco-pyranose. Fructo-furanose 

Cane-sugar (sucrose). 

Again, hydroxyl groups differently situated in the combining 
monosaccharides may be involved. Since cane-sugar neither 
reduces Fehling’s solution nor forms osazones, the ketonic 
group of the fructose must combine with the aldehydic group 
of the glucose in producing the disaccharide. Turanose 
(glucose residue-O-fructose residue), on the other hand, 
although composed of the same two sugars, reduces Fehling’s 
solution and forms osazones. Evidently free reducing groups 
remain uncombined in turanose.^ 

It is an important fact to note that the fructose occurs in 
the reactive form in cane-sugar. This disaccharide, which is 
widely distributed in plants, may provide a continuous supply 
of a reactive sugar which cannot exist for long in the free state. 
On hydrolysis cane-sugar yields gluco-pyranose (normal 
glucose) and fructo-furanose (y-fructose). In vitro, the nascent 
y-fructose set free is speedily converted into stable fructose, 
but in vivo it is probable that active fructose undergoes meta- 
bolic transformations. 

Although the number of possible trisaccharides is even 
greater than that of disaccharides, very few have been found 
in living cells. Raffinose (galactose residue-O-glucose residue-O- 
friictose residue) is the best known example. In this sugar, 
which occurs in beet, galactose and glucose are united as in 
melibiose, and glucose and fructose as in sucrose. RafFinose can 
be hydrolyzed into its component hexose units. Under special 

^ It should be noted that maltose and cellobiose are also reducing 
sugars, and will form osazones. 
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conditions it can be split either into galactose and sucrose or 
into fructose and melibiose. Stachyose (fructose residue-O- 
glucose residue-O-galactose residue) is a tetrasaccharide which 
occurs in the tubers of Stachys tiMfera, and in various organs of 
other plants. 

Pentosan and hexosan polysacchuTides* Carboliydrsitcs be- 

longing to these groups may be regarded as products formed 
by the condensation of a very large number {«) of molecules of 
one or more monosaccharides. i If hexose monosaccharides 
alone take part in the condensation, the resulting product is 
called a hexosan, (CeHioOB)^. Pentosans, (C5H804)„, are formed 
from pentoses, and mixed polysaccharides, i.e., hexosan- 
pentosan complexes, are also known. On hydrolysis, poly- 
saccharides yield the constituent monosacchai’ide units. 
Usually, however, intermediate products have at least a 
transient existence. It has been suggested that the inter- 
conversions of monosaccharides and polysaccharides in living 
cells are reversible pi-ocesses : 


condensation 

(CeHioOs)^ -f (n/2) H^O TZHHl (n/2) 

hydrolysis 

condensation 

(n/2) + (n/2) H^O ;ZZZZZ::r n 

hydrolysis 


Very great diversity may exist among polysaccharides 
possessing the general formula the hexosans. 

The first point to note is that n may be very different in 
different substances. Evidently we cannot speak of isomerism 
when discussing hexosans, unless n has the same value in two 
different substances. It is conventional to describe as a 
polysaccharide any carbohydrate whose molecule is bigger 

1 A disaccharide containing an aldehydic or ketonic grouping can also 
condense with itself to give a polysaccharide. Cane-sugar, however, cannot 
alone form the basis of a polysaccharide unit, although, of course, it might 
form one of the components of a polysaccharide. Actually, however, it 
has not yet been shown to be present in any naturally occurring poly- 
saccharide. 






than that of a tetrasaccharide. Thus there Biay be formed 
from a given monosaccharide {a) polysaccharides with rela- 
tively small molecules, and (i) polysaccharides with giant 
molecules, in which n may be several hundred. Because of the 
differences in size of their molecules, the products {a) and [h) 
will have very different physical properties. Again, different 
hexosans may be constructed from different monosaccharides. 
Glucosans starch, dextrin, cellulose, glycogen) give only 
glucose on hydrolysis; and fructosans (c.g., inulin) give only 
fructose. 1 The names mannan and galactan are used to 
describe polysaccharides which, on hydrolysis, yield mannose 
and galactose respectively. Mannans and galactans, or their 
acidic derivatives, occur with other hexosans, or with the 
pentosans xylan and araban, in the mixed polysaccharides 
found in hemicelluloses, gums, mucilages, pectic substances, 
etc. To such polysaccharides names such as manno-galactan, 
galacto-araban, gluco-X3dan, etc., are given, in order to indicate 
the nature of the constituent monosaccharides. 

Even for a given value of it is theoretically possible for an 
immense number of different individuals to exist in each 
polysaccharide type the glucosans). For instance, a 

glucosan might be constructed {a) from a- or j8-glucose, or from a 
mixture of the two forms, ^ or {b) from either pyranose or fura- 
nose varieties of the monosaccharides. Again, prodigious possi- 
bilities of variation result from the fact that every hydroxyl 
group in a monosaccharide or disaccharide is capable of 
participating in a condensation. It is noteworthy therefore 
that the naturally occurring glucosans can be classified into a 
small number of groups (starches, celluloses, glycogens, 
lichenins, etc.). This fact is evidence for the occurrence of 
directive synthesis in living cells. 

It is important to remember that traditional names such as 

^ There is some evidence that fructose exists in the furanose form in 
inulin. ■ 

2 For example, amylose (see later in the text) is entirely composed of 
a-glucose units, and ^ives maltose as an intermediate product of hydro- 
lysis, while araylopectin contains as well as a-glucose units. Cellulose 
appears to be constructed from j9-glucose units, since it can be converted 
to cellobiose by hydrolysis. 
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starch, hemieeiiulose, niuciiage, etc., denote well-defined plant- 
products, which are as a rule mixtures of several chemicai 
compounds. It has long been known that there are 
differences in the morphology, and in the physical and micro- 
chemical properties, of starch-grains from different genera. 
Reichert %vas able to detect differences in the grains of different 
races from the same species (see Blackman, 20), Evidently 
the term starch denotes a heterogeneous group of glueosans 
which have certain physico-chemical and physiological proper- 
ties in common. Moreover, a single starch-grain is a hetero- 
geneous substance. There is a central part termed amylose, 
which is soluble in water, and an insoluble husk termed amylo- 
pectin ^ ; the latter component contains phosphoric acid in 
organic union. In graminaceous starches there is another 
glucosan component, viz., amylohemicellulose, in wdiich 
calcium, iron, and magnesium are combined with phosphoric 
and silicic acids. These acids are combined as esters with the 
carboh^^drate. 

The name hemieeiiulose denotes a polysaccharide component 
of cell-w’'alis, which serves as a food-reserve. Hemicelluloses 
as a class are insoluble in water, but dissolve in dilute alkali. 
When hydrolyzed by weak acids they may yield pentoses in 
addition to hexoses. Hemicelluloses usually contain mamians 
and galactans, but their chemical composition is extremely 
variable. The products of hydrolysis of mucilages are similar 
to those of hemicelluloses. Mucilages are characterized, how- 
ever, by their physical property of absorbing water and becom- 
ing slimy. . 

E. Glycosides 2 

The hydroxyl radical belonging to the potential aldehydic 
or ketonic group of a sugar is very reactive. It readily 

1 For remarks concerning the chemistry of these components, see 

footnote, p. 402. ■ . 

2 The glycosides have been divided into two sub-groups, viz., the mono- 
■ sides and biosides. The monosides are compounds of monosaccharides, 

I and include glucosides, fructosides, rhamnosides, etc. Dimonosides are 

compounds containing two independent monosaccharide units. The 

1 biosides are compounds of disaccharides. 
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combines with other groups, particularly with a hydroxyl 

cSaycr:^ ~ ^ — 

I 0 ^ 

CH20H.CH.(CH0H)3.CH0H + R.OH 

1- o i 

> CH20H.CH.(CH0H)3.CH0RH-H,0 

a-sugars yield a-glycosides, and j8-sugars yield j8-glycosides. 




' I 


, % I 

^C-(CH0h)^CH-CH2OH 

a-Glycosides. 


/ .1 

C (CHOHjj CH-CH^OH 
^-Glycosides. 


Many of the naturally occurring glycosides are ^-glucosides. 

Ihe composition of R.OH may be very varied. Thus di- 
saccharides arise from the glyeosidal combination of two 
monosaccharides, and glycosides containing phenolic, alcoholic 
and aldehydic, residues are widely distributed in plants. The 
coumarm glucosides and glyeosidal llavonic and anthocyan 
pigments," and tannins, are considered elsewhere. We only 
have room here to mention a few additional representatives 
of this varied and widely distributed class of compound. 

Several of the aldehydic glucosides yield hydrogen cyanide 
on hydrolysis and are, therefore, called cyanogenetic or 
cyanophorie glucosides. Prulaurasin, which occurs in the 
leaves^ of the cherry laurel, is racemic {d-l-) mandelonitrile 
g ucoside, 1 CgHj CH(CN) . O . CgHuOg. Prunasin, which occurs 
in the bark of the wild cherry, is d-mandelonitrile glucoside 
Sambunigrin which occurs in elder leaves, is l-mandelonitrile 
glucoside. Amygdalm, one of the best known of all glucosides 
IS a diglucoside of d-mandelonitrile, ’ 

W-CH(CN).G.C3H„0,.0.C3H,,03. 

It IS readily extracted from bitter almonds, and is present in the 

will b^nSd'^thft “ CeH, . CHOH. CN. It 

formation takes place by iinkaffe "of Glucoside 

the secondary alcohol ^oup“- with the hydroxy] radical in 
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kernels of most fruits belonging to the Rosaceae. On complete 
hydrolysis under the agency of emulsin it yields two moiecules 
of glucose, benzaldehyde, and hydrogen cyanide (a volatile 
substance which turns moist sodium picrate paper browm) : 

C^oH^^NOu + 2H,0 > 2CeH,,Oe + HCN + 0^11, .CHO. 

Lihamarin or phaseolunatin, (CH 3 ) 2 .C(CN).O.CgHix 05 , 
which has been found in 3 ?-oung flax plants, and in the seeds of 
the rubber tree {Hevea braziliensis) and of Phaseolus lunatus, 
deserves mention, as it is a glucoside containing an acetone 
residue, and yields the ketone on hydrolysis. 

Salicin, which is widely distributed in the genus Salix, is a 
saligenin glucoside. When hydrolyzed under the agency of 
emulsin it yields saligenin, which gives a violet colour with 
ferric chloride : 

CeHnOs.O.CeH^.CH^OH + HgO 

>CeHi206 + CeH4(OH).CHpH. 

It will be noticed that in salicin glucose is linked with the 
phenolic hydroxyl of the saligenin, consequently the glucoside 
gives no colour with ferric chloride. Populin, which occurs in 
the genus Populus, is another saligenin glucoside, but it also 
contains a benzoic acid residue. It is interesting that both of 
these closely allied genera can produce saligenin. 

Sinigrin and sinalbin are the names given to the so-called 
mustard-oil glucosides that occur in the seeds of the black and 
white mustard respectively. On hydrolysis, sinigrin yields 
glucose, potassium hydrogen sulphate, and the pungent allyl 
isothiocyanate, ^ CgH^.NCS ; sinalbin yields glucose, acid siiia- 
pin sulphate, CieHaPsN.HSO^, and the pungent p-hydroxy- 
benzene isothiocyanate, C^H^O.NCS. It should be noted 
that these plants possess the power of changing the sulphate 
ion into the acid-sulphate ion and into the isothiocyanate 
ion. 

The glucosides present in the dye-stuh, madder, which is 

1 Cf, the occurrence in other genera of sulphur with the allyl radical 
(p. 371). 







F. Heterocyclic Nitrogen-Free Compounds 

Vuranyl pyran rings. The furan ring, a heterocyclic ring 
composed of four carbon atoms and one oxygen atom, is 
represented m compounds which have already been discussed. 
It IS present m furanose sugars, and occurs, fused with a 
benzene nucleus, in coumarin and aesculetin. 

The pyran ring, a six-membered heterocyclic ring, is present 
m pyranose sugars, and is represented in the molecules of the 
iavomc, xanthonic, and anthocyan pigments, and of certain 
catecnin compounds. 

Slavonic and xanthonic pigments. The presence of the 
heterocyclic nucleus (y-pyrone) characterizes this group of 
It is associated with a benzene nucleus in benzo-y- 
(phenyl benzo-y-pyrone) is a phenyl substi- 
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obtained from the root of Ruhia tinctorum, deserve mention 
because madder has been cultivated since ancient times and 
because on hydrolysis the glucosides yield alizarin an 
anthraquinone derivative. Residues of naturally occukng 
compounds belonging to the anthracene groups are rare. 


Alizarin, an anthraquinone. 

The saponin class of glycosides is characterized bv the 
possession of the physical property of dissolving in waten to 
gne colloidal solutions which can readily be made to froth 
Ihey have been detected in over fifty different natural orders' 
but we know nothing about their biological significance. There 
IS some evidence that the sapogenins, which are produced bv 

the hydrolysis of saponins, have affinities with isoprene 
compounds. 
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tilted derivative of this substance. Xanthoiie is di-benzo-y- 
pyroiie, 

»/\h / y ° v \ 

I II I 

y-Pyrone. Flavone Xanthoiie 

(Phenyl-benzo-y -pyrone) , (Dibenzo-y-pyrone) , 

111 flavonol, the hydroxyl radical is substituted for the 
hydrogen atom attached to carbon in the pyrone ring : 




Flavonoi 

( 3 -hydroxy-flavone). 


Quercitin 

(5:7:3': 4' -tetrahydroxy-flavonol). 


Hydroxyl and methoxyl derivatives of flavone, flavonoi, and 
xanthone, occur in plants either in the free state, or in glycosidal 
combination with the sugars, glucose and rhamnose. Chemical 
variation in the flavonic and xanthonic part of the molecule 
results from differences in the number and position of the con- 
stituent hydroxyl and methoxyl groups. By referring to the 
drawing of the structural formula of quercitin (5:7:3': 4'- 
tetrahydroxy -flavonoi), a flavonoi found either in the free state 
or in a variety of glycosidal forms in oak barkd the berries of 
Rhamnus, and in a wide range of flow^ers and leaves, the reader 
will be able to construct the formulae of kaempferol (5 ; 7 : 4'- 
trihydroxy-flavonol), fisetin (7:3': 4'-trihydroxy-flavonol), a 
well-known isomer of kaempferol, and myricetin (5:7: 3' : 4' : 5'- 
pentahydroxy-flavonol). Flavone occurs in the free state 
as a mealy substance on the surfaces of several species of 

^ The glycoside occurring in oak bark is a glucoside and is known as 
quercitrin. It should be noted that every glycoside is given a different 

name from that of its flavonic constituent. 
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Primula, Chrysin, a constituent of poplar buds, is 5-7. 
dihydroxy-flavone ; apigenin, which has been found in parsley 
and in the flowers of the ivory-white snapdragon, is 5:7:4', 
trihydroxy-flavone ; and luteolin, a pigment which has from 
remote antiquity been extracted from dyer’s weed and dyer’s 
broom, IS 5 : 7 : 3' : 4'-tetrahydroxy-flavone. It should be 
noted that two or more different flavonic substances mav 
exist together in the same cell, and that the same flavonic 

substance may be produced by the metabolism of widelv 
different genera. wiqeiy 

All these compounds dissolve in water to give yellow 
so utions. ^ The colour may be intensified by mald4 the 
solution alkaline. As a rule the concentration of flavonic 
and xanthome pigments in cell-sap is too low for a yellow 
colour to be seen. The presence of these yellow vacuolar 
pigments may, however, be readily demonstrated by plaeine 
a tissue containing them in ammonia vapour. Occasionally 
the concentration is sufficiently high to colour the tissue 
yellow. For instance, luteolin and apigenin give the colour 
to the petals of the yellow flowered variety of Antirrhinum 
majm. It should be noted that the chemical structure 
of the yellow vacuolar pigments is very different from that 
of the carotenoids, ie., the yellow and orange plastid pig- 

^ Tfte The soluble red and blue pigments 

found 111 the higher plants, particularly in the cell-sap of 
flowers and fruits, .were known as the anthocyans long before 
■•«l£it«£kmi5al structure was elucidated. The term now 

denotes derivaiSyes of phenyl-benzo-y-pyrilium.i 

Reduction of t%e pjTone ring gives the heterocyclic ion 
y-pyrihim, which .is present in the anthocyan pigments.’ 
Phenyl-benzo-y-pyrifium is evidently a reduction product of 
llavone. Reduced ^avonol is 3-hydroxy-phenyl-benzo-y- 

\ 

»»*on 
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It should be noticed that reduction leads to a shifting of 
valency bonds. The residual oxygen atom acquires a positive 
charge, which enables it to hold a negatively charged ion by 
electrostatic attraction. Consequently these pyrilium com- 
pounds readily form oxonium salts {e.g., oxonium chlorides) 
with acids. 

Nearly all the natural anthocyan pigments are reduced 
flavonol glycosides.! These red and blue vacuolar pigments, 
when in the glycosidal state, are called anthocyanins. The 
pigmented component, anthocyanidin, and the combined sugar 
are set free by acid hydrolysis. Anthocyanins are insoluble 
in amyl alcohol, and, in consequence, are readily distin- 
guished from the anthocyanidins, which are soluble in this 
solvent. 

Variation in the chemical structure of anthocyanins is similar 
to that of the flavonic pigments, and results from differences in 
the number and position of the hydroxyl or methoxyl groups * 
that are substituted for hydrogen in the anthocyanidin com- 
ponent of the molecule. This similarity is clearly seen when 
the chemical structure of the anthocyanidins, pelargonidin, 
cyanidin, and delphinidin is compared with that of the corre- 
sponding flavonols. Pelargonidin is a reduction product of 

^ Reoe rtly an anthocyan referable to the flavone, apigenin, has been 

found in uloweiB of G€sneTafulg€fis» i „ 

2 As example of an anthocyanidin. containing methoxyl - 

cite cenidin, which is represented in cenin, the pigment m the vacuoles of 
the epid/ermal cells of the bine grape. 


y-Pyrilium. Reduced flavone Reduced flavonol. 

(Phenyl-benzo-y-pyrilium) , 


pyrilium. These and other reduced flavones and flavonols are 
known as anthocyanidins. 
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kaempferol ; cyanidin is a reduction product of quercitiii ; and 
(lelphinidin is a reduction product of myricetiii. 


c 

OH H 


Pelargonidin chloride. 


OH ^ 

Cyanidin chloride. 


OH H 

Delphinidin chloride. 

T-iie anthocyanins may be classiiied in terms of their consti- 
tiient aiithocyanidins. For instance, the pelargonidin antho- 
C 3 ranins, the cyanidin anthocj’-anins, and the delphinidin 
anthocyanins, constitute distinct groups. In each group 
variation results from differences in the nature of the sugar 
represented in the molecule. Thus glucose, galactose, rham- 
nose, and disaccharides, are represented in anthocyanins. 
Moreover, anthoc^^anins may be monogl^^eosides or diglycosides. 
It appears from the recent achievements of Robinson and his 
co-workers on the synthesis of anthocyanins that, in mono- 
glycosides, the sugar preferentially enters into glycosidal 
combination with the hydroxyl group in position 8 in the 
anthocj'anidin molecule. Considerable variation is possible 
among diglycosides, since the second sugar molecule may enter 
into glycosidal union with any of the remaining hydroxyl 
groups. 




^■^GditOs 


Chrysanthemin 

chloride. 


0-C6H„Os 


0'C5Hh05 


Cyanin 

chloride. \ 
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The eyanidin group of anthocyanins may conveniently be 
selected for further discussion. There are many distinct 
anthocyanins known which give on hydrolysis the antho- 
cyanidin, eyanidin, and one or more sugars. We may cite 
cvanin ^ and chrysanthemin as examples. The structural 
formulae of the chlorides are figured above. We note that 
chrysanthemin is a 3-monoglucoside, and cyanin a 3-5-di- 
cducoside. Chrysanthemin occurs in the genus Chrysan- 
themum. Cyanin is found in the blue cornflower, in the 
magenta Rosa gallica, and in certain varieties of Dahlia. 
It is noteworthy that in widely different genera the 
protoplasmic system which determines anthocyanin forma- 
tion, i.e., anthocyanidin and glycoside formation, may be 
identical. 

Considerable interest attaches to the variations which must 
exist in protoplasmic systems that can occasion the production 
of different anthocyanins, sometimes in the same flower.® It 
must be admitted,' however, that our knowledge of the bio- 
chemical changes which lead to the production of anthocyani- 
dins is stiU obscure.® We cannot yet translate into chemical 
terms the concepts employed by students of plant-genetics 
in order to explain the results they have obtained by cross- 
ing different colour-varieties of flowering plants. We possess 
some knowledge, however, of the factors that may determine 
the colour shown by a given anthocyanin when dissolved m 

cell-sap. . 4 . 1 

Robert Boyle recognized that anthocyanins are natural 

indicators.* They are red in acid solutions and many of 
them change colour through violet to blue as the acidity 


1 It should be noted that the names given ^ 
the suffix -idin, and those of the anthocyanins with the suffix -m (compare, 

pelargonidin anthocyanin) have been found in the petals of the aster. 

: f KS.S (31) .nd of S»ltM 

hav Jeleoriy sho«t that coloured eell-sapa Hiefn 
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decreases.^ The anthocyanins belonging to the so-called clear- 
red types of flower {e.g,, Salvia splendens) change from vermilion 
to purple or brown, without giving any blue colour. Willstatter 
suggested that the red colour represents an anthocyanidin exist- 
ing as an acid salt, and the blue colour a potassiuni or some other 
metallic salt, and that the violet anthocyanidin is an anhydride. 

Until recently variation in the colour of the flowers of 
different varieties, species, or genera, containing the same 
anthocyanin,^ was entirely attributed to differences in the 
acidity of the vacuolar sap in 'cells of the petals. Robinson 
and Robinson (121) have, however, recently shown that co- 

(Footnote continued from p. 411.) 

placing petals in hot buffer solutions of different pH values, and noting 
the final colour shown in each solution. 


Table XIII. Coloured cell-saps as natural indicators 


Flowers used 

pH3 

pIM 

pH 5 

j pH6 

i pH7 

! pH8 

Aconitum 

pink 

pink- 

violet 

violet 

violet- 

blue 

blue 

green 

Salvia patens 

pink 

blue 

blue 

blue 

blue 

green- 

blue 

Iris kaempferi 

red 

pink 

violet- 

pink 

violet 

violet- 

blue 

blue 

Salvia splen- 
dens. 

vermilion 

vermilion - 
pink 

vermilion- 

pink 

red 

purple- 

red 

purple 


It is difficult to decide whether the different colours shown at a given 
pH hy the cell-saps from different plants result from structural differences 
in the anthocyanin molecules dissolved in the saps, or from differences in 
the nature or amounts of the co-pigments (see later in the text) which are 
present in the saps. 

^ It must be remembered that fiavonic glycosides, which turn yellow 
in alkaline solution, are as a rule extracted with anthocyanins. Hence, on 
the alkaline side of neutrality (i.e., at pH value greater than. 7) coloured 
plant-sap often turns green. The cell-sap of plants is usually acid and 
never shows a green colour under natural conditions. 

2 For instance, Willstatter reported that cyaoin was responsible for the 
colour of the inflorescence of the blue cornflower, and for the magenta 
colour of the flowers of Rosa galUca, and that the flowers of the blue-red 
Pelargonium, and of the scarlet-red Pelargonium, both owe their colour to 
pelargonin. Scott-Moncrieff has recently shown that the petals of the 
magenta and of the blue varieties of Primula sinensis contain the same 
anthocyanin. It must be realized, however, that diflvrent anthocyanins 
may be present in varieties of a single species. For example, cyanin is 
the flower-pigment of the blue cornflower, while pelargonin gives the 
colour to the red variety. 
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pigments, which can modify the colour of a given solution of 
aiithocyanin, are frequently present in cell-sap. It has long 
been known that traces of salts of iron, aluminium, and other 
metals, may, at a constant plJ, bring about a change Itom red 
to blue in the colour of solutions of certain anthoeyanins, 
Robinson and Robinson discovered that organic substances also 
can act as co-pigments. They observed the colour change 
from red to blue brought about when various substances were 
added to a solution of oenin chloride in dilute hydrochloric acid. 
Strong effects were shown by certain substances (r.g., tannins, 
a-hydroxy-xanthone glucoside), and moderate effects by 
others (c.g., quercitin, protocatechuic acid), while tyrosine, 
catechin, and certain other substances, caused only slight 
change of colour. They state that tannins, and fiavonic sub- 
stances are common co-pigments. In general they conclude 
that “ great changes in the colour of varieties in a species 
are not brought about by changes in the pH of the cell sap, but 
rather by changes in the nature of the anthocyanin, including 
in their train the formation of complexes with organic sub- 
stances and possibly with metals such as iron,” Many further 
measurements must, however, be made on the pH of the cell-sap 
of flowers of different colours containing the same anthocyanin 
before setting aside pH as an important factor in the determina- 
tion of colour. For instance, a reasonable explanation of the 
colour differences in the petals of the blue cornflower and of Rosa 
gallica (see footnote, p. 412) was provided when it was found that 
the sap of the former had a pH value of 7*2, and of the latter 5*5, 
Catechin compounds. Further reduction of the pyrone ring in 
a flavonol leads to the production of compounds such as catechin. 
This substance occurs in the free state in mahogany and in other 
woods, and its anhydride is found in some of the catechol tannins. 




rm\ 


rilli: 


: ih I' i' ■ 

’"llivi'l' 


;:;!j 




APPENDIX I 


PART IL ORGANIC COMPOUNDS CONTAINING NITROGEN 

Tlie majority of the nitrogenous metabolic products may be 
regarded as substitution derivatives of one or more molecules 
of ammonia,^ as mono-, di, tri-, or poly-amino compounds. 
These may be primary amines, RNHg, secondary amines 
(R)2NH, tertiary amines (R)3N, or quarternary ammonium 
bases (R)4NOH. We shall consider these products under the 
headings (a) open-chain compounds (other than amino-acids 
and proteins), {h) heterocyclic compounds, [c] proteins, amino- 
acids, and amides. 

A. Naturally occurring Open-chain Amines 

It is known that the simple aliphatic amines occur in the 
free state in plants, but they have not been much investigated. 
Methylamine has been found in dog’s mercury, and trimethyl- 
amine in Chempodmm vulvaria and in the flowers of the 
common hawthorn and the pear. 

The lipoids or lecithins, which are important constituents of 
protoplasm, belong to this group of compounds. They may 
occur in the free state or as lipoproteins. The lecithins, like 
fats, are soluble in ether, chloroform, etc., and on hydrolysis 
yield fatty aeid,^ and glycerol. Lecithins, however, contain 
nitrogen and phosphorus ; and among the products of hydro- 
lysis one finds phosphoric acid, and choline ^ or ethanol or 
trimethyl-ammonium hydroxide, HO . CHg . CHg . N(CH3)30H. 

^ We have already noted that substances containing the cyanogen 
radical are also found in plants (p. 404). There is no evidence of the 
occurrence of nitro- or nitroso-organic compounds in living organisms. 
Moreover, amino-groups are not found substituted for hydrogen in the 
benzene ring. It should be noted that certain classes of compounds well 
known to the organic chemist are not produced by plant-metabolism. 

2 Palmitic, stearic, oleic, linolic, linolenic, and certain hydroxy acids, 
have been detected among the products of hydrolysis of plant-lecithins, 

* The chemical structure of betaine, . N . GHj. j CO^, which has been 

found in all the species of the Chenopodiaceic that have been examined, is 
evidently closely related to that of choline. Betaine is the simplest 
member of an important series of anhydrides of methylated amino-acids. 


APPBNMX I 


41 


Accordingly the following general graphic formula has be 
suggested for a lecithin substance 


CHg-OOCR, 


CH- OOCR 


CHg-O-P 


^0 + I - 

— 0 — CHg-CH2-N(CH3)3 OH 
^OH ^ 

A lipoid or lecithin substance. 


B. Naturally occurring Compounds containing Nitrogenous 
Heterocyclic Rings 

Introductory notes. Pyrrolidine, piperidine, and pyrrol, are 
heterocyclic secondary amines in which the nitrogen atom is 
united to carbon atoms tvithin the ring. Indole may be 
regarded as a derivative either of benzene or of pyrrole. 




H^C- 


■CHs 


HgC 




CH, 


HC- 


“CH 


HgC CHa 
Pyrrolidine. 


HaC 

^NH 

Piperidine. 


HC CH 

Pyrrole. 


-CH 


nIh 


.CH 


Indole. 


Pyridine is a heterocyclic tertiary amine in which the lutropn 
atom is united to carbon atoms within the six-membered ring. 
Evidently piperidine is a reduction product of pyridine. 
Quinoline and isoquinoline may be regarded as derivatives 
either of benzene or of pyridine. 



Pyridine. 
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fropane is- a tertiary amine which may be regarded as a,, 
derivative either of piperidine or of pyrrolidine. 


HC. CH 


\ ‘ 

>; I" ' 

1 * 1 ,' 


Tropane. 

Di-, tri-, and poly-amines, occur among plant-products. 
Pyrimidine and iminazole are heterocyclic di-amines, and 
derivatives of these compounds are present in all living cells. 


iSilip; 




^ 




HC=CH 


/NH 

CH 

Iminazole. ' 


HC CH 

N CH 

Pyrimidine. 


Substituted iiurines are also essential components of proto- 
plasm. Purine itself may be regarded as a derivative either 
of pyrimidine or of iminazole. 

Pyrrole derivatives, (i) Porphyrin compounds. As a result 
of the investigations of Willstatter, Fischer, Conant, and 
others, we are now familiar with the chemical structure of the 
green pigments in the chloroplasts of plants and with that of the 
pigment in the red blood-corpuscles of animals. The green 
colouring matter in chloroplasts is composed of two closely 
related substances called chlorophyll a and chlorophyll i». 
These green substances and the hsematin in the haemoglobin of 
the red blood- corpuscles of animals are derivatives of aetio- 
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porphyrin. It will be observed that this porphyrin is built up 
from four substituted pyiToIe nuclei, which are united through 
carbon atoms. 


CH3-C' 


C-CaHs 




,CH 


PCHs 


CGHs 


/ 

CH 


-NH 


\ 


CH 



Although the porphyrin basis is identical, there are important 
differences between the chemical constitution of the chloro- 
phylls and hasmatin. We only need note here that hasmatiii 
contains iron, and that the chlorophylls contain magnesium, 
but are free from iron. These metals can replace hydrogen 
attached to nitrogen in the pyrrole rings. As a result of these 
differences in molecular structure, the functions of porphyrin 
pigments are strikingly different. Hicmatin is a component 
of the chromoprotein ^ haemoglobin, which plays an essential 
part in the transport of oxygen in the higher animals, while the 
chlorophylls serve green plants by absorbing the light-energy 
used in photosynthesis. 

The recent researches of Keilin, Warburg, and others, have 
established the fundamental fact that hsematin derivatives 
are present in all living cells (see Keilin, 76). These iron- 
containing porphyrin derivatives exist in combination with 
nitrogenous organic substances, and the conjugated compounds 
are called the h^emochromogens. They play an important 

^ For a discussion of Lubimenko’s view that natural chlorophyll is a 
ehromoprotein, see Priestley { 113 ). 
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part in cellular oxidations. Particular interest attaches to the 
thermostable respiratory pigments, cytochromes a, h, and c, 
which Keilin found in yeast, bacteria, animal tissues, and in 
some of the higher plants. Their importance as intermediate 
carriers of hydrogen is discussed in chap. XI¥, section G. 
Here we recognize the probability that the cleavages, oxidations, 
reductions, condensations, and other changes which lead to the 
production of the hsematin component of the cytochromes, do 
not greatly differ in type from those which bring about the 
formation of the chlorophylls. 

The molecular formulae of chlorophjdl u, C^gH^^OgN^Mg, and 
chlorophyll b, C^gH^oOgN^Mg, indicate that they are closely 
related compounds.^ Evidently chlorophyll b may be regarded 
as an oxidation product of chlorophyll a. Analysis has shown 
that chlorophyll a, {MgN (COOCHg) {COOC^^M,^), 
and chlorophyll (COOCH 3 ) (COOCgoHg^), 

are methyl phytyl^ esters of two acids respectively called 
chlorophyllin a and chlorophyllin b. By hydrolysis with cold 
alkali, the alkaline salts of chlorophyllin a and chlorophyllin b 
are obtained.® When these salts are heated with alkali, 
carbon dioxide is eliminated, and the product can be con- 
verted into the metallo-porphyrin derivative called setiophyllin, 

^ In the solid state, chlorophyll a is a bluish-black powder which 
dissolves easily in most organic solvents, but is only sparingly soluble in 
petroleum ether. In the solid state chlorophyll 6 is a dark green or 
greenish-black glistening powder, which is quite insoluble in petroleum- 
ether, and, in general, dissolves less readily than chlorophyll a in organic 
solvents. 

2 The term phytyl refers to the hydrocarbon residue of phytyl alcohol or 
phytol, CgoHggOH (see p. 378). 

® This fact may be exploited to show the presence of green and yellow 
pigments in chloroplasts. All the pigments are first extracted from dried 
leaves ( Willstatter used dried nettle leaves) with 80 per cent, acetone. By 
gently shaking the resulting green acetone-solution with ether, an ethereal 
solution of all the pigments is obtained. Hydrolysis is effected by using 
a strong solution of caustic potash in methyl alcohol, Phytoi and methyl 
alcohol are set free, and the potassium salts of the chlorophyllin acids 
are produced. These green potassium salts may now be extracted %vith 
water, in which they are soluble. The yellow pigments (carotin and 
xanthophyll), being insoluble in water, remain in the ether layer. The 
methods used for separating carotin from xanthophyll, and chlorophyll a 
from chlorophyll &, depend upon the fact that each pair of substances 
shows differential solubility in mixed solvents (for details see Onslow, 104)» 
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^ 32 ^ 34 ^ 4 ^%* This oxygen-free product may be regarded as 
the central structure of ' the chlorophyll molecule. By the 
action, of mineral acids on aetiophyllin, the atom of magnesium ' 
is eliminateds and fetioporph^^rin is produced. On' the basis 
of these and other experimental results, the following formula 
has been suggested for chlorophyll a : — 


CH2-C 


C-CaHs OCH5 


OCMs 


// \ / \ 

CH CH 

C N N C 

I J \ 






m 


COOG 0 H 59 COOCH^ 

Chlorophyll a. 

(ii) Indole compounds. Indole, CgH^N, which, as we have 

already pointed out, contains a pyrrole ring, is found combined 
in tryptophane (see p. 424'). As indoxyl or hydroxy-indole, 
C8 HsN(OH), this heterocyclic ring occurs in the glucoside 
indican, CgHgN-O-CgHuOj. Since prehistoric times indigo 
has been prepared from extracts of Isatia tindora (woad), 
species of Indigofera, and other plants containing indican. 
This dye is formed by the oxidation and condensation of 
indoxyl molecules which are liberated by the hydrolysis of 
indiean. 


?' 
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The alkaloids. The alkaloids are vegetable bases, which 
possess heterocyclic rings, and exert" physiological effects on 
animals. In recent years the structure of many of these 
complex compounds has been established by synthesis. The 
alkaloids may be regarded as derivatives of pyridine, pyrrolidine, 
tropane, quinoline, and isoquinoline. There are only a few 
records of the occurrence of alkaloids outside the dicotyledons. 
In this group of plants they have, for example, been found in the 
Solanaceae, Papaveracese, Leguminosae, and Umbelliferae, but 
they are not widely distributed among the various families. 
The structural formulae of four important alkaloids are given 
below. 


HX CHp 

/I I 1 

C C-HQ CH2 


HC CH 
N 


V 


CH^ 


Nicotine. 


H ^O-CO-CgHs 
\h-C00CH3 

iV 

c 

H^C CHg 

Cocaine. 


HX ^CH 

2 1 ^ \ 


HX CH.CHXHg 


CH.O 


HX CHg 
CHOH-CH— 


n/ 

IN Quinme. 


APPENDIX I 


421 
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Nicotine^ which occurs in ' the 
leaves of Nicotiana tabacuni, 
is both a pyridine and a 
pyrrolidine alkaloid ; cocaine, 
which is obtained from the 
leaves of Eryihroxylum coca, 
is a tropane alkaloid ; quinine, 
which is found in the bark of 
certain species of Cinchona, 
is a quinoline alkaloid ; and 
narcotine is an isoquinoline 
alkaloid. 




.0 

0 


CHj 

CHa 


OCH, 




.NCH3 


■j 1 

CH— 

■0 

A- 

CO 


OCH3 



Narcotine. 


Iminazole-, pyrimidine'^, and purine'-deriratives. Iminazole 
is represented in the amino-acid histidine (see p. 423). Deriva- 
tives of pyrimidine and purine are present in nucleic acid. 
This acid occurs in the nuclei of living cells both in the tree 
state and combined in nucleoprotein. On complete hydrolysis, 
the nucleic acid found in plants yields phosphoric acid, a 
pentose sugar (d-ribose), purine bases (guanine and adenine), 
and pyrimidine bases (cytosine and uracil). 

N==C NH^ HN C=0 



Uracil. 


.CH HN — ( 

Cytosine. 
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Levene has suggested that the component molecules of yeast 


nucleic acid are united thus 
Phosphoric acid^ — Pentose — Adenine 


Phosphoric acid — Pentose^ — Uracil 



Phosphoric acid — Pentose — Cytosine 

■ . Phosphoric acid — Peiitose--“Giianine 

It is probable that the pentose and phosphoric acid components 
are united as in the organic phosphates. The pentose and 
either the purine or the pyrimidine are combined as glycosides, 
called nucleosides. By the hydrolysis of nucleic acid nucleo- 
tides are, however, first formed. A nucleotide is a compound 
derived from phosphoric acid, a sugar, and a pyrimidine or a 
purine. Further hydrolysis yields phosphoric acid and a 
nucleoside. Then finally the nucleoside is cleaved. All these 
cleavages have been effected m by enzymes. 

Purines have also been found in the free state in plants. 
For example, adenine, theobromine, and caffeine, occur together 
in the leaves of the tea plant. Theobromine and caffeine are 
oxidation products of methyl derivatives of purine. 

C. Proteins and their Derivatives 
Anim(h<ieids, The amino-acids, R.CH(NIl2).COOH, pi'O- 
dueed by the hydrolysis of proteins, are derivatives of aliphatic 
acids in which one of the hydrogen atoms attached to the 
a-carbon atom is replaced by an amino-group.^ Except in 

^ Consequently amino-acids may act either as bases or as acids. Upon 
adding an acid/HX, to an amino-acid, a salt, which in solution gives 
amino-acid cations, is produced : ^ 

R . CHCNHgX) , COOH -> R . CH(NH3) . COOH -{- X " 
while the metallic salt resulting from the combination of an amino-acid 
with a base, MOH, gives amino-acid anions : 

R.CH(NH3).C00M->M+ + R.CH(NH3).C00-, 
Amino-acids are described as amphoteric electrolytes or ampholytes, 
because they can exist either as positively charged ions or as negatively 
charged ions. The pH of the solution determines whether an amino-acid 
will, under the influence of an electric current, migrate to the anode or the 
cathode. For every ampholyte there exists a pll at which the number of 
cations of the substance is equal to the number of anions, and conse- 
quently migration in an electric field is not apparent. This important pH 
value is termed the isoelectric point of the ampholyte. 
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glycine, this carbon atom is asymmetric. The amino-acids 
that occur in nature are Isevo-rotatory. A list of the principal 
amino-acids is given below : — 

Glycine (a-amino-acetic acid) CHaNHjCOOH. 

Alanine (a-amino-propionic acid) CH3.CH(NHa).COOH. 

Valine (oc-amino-isovaleric acid) CH(CH3)2.CH(NH2).COOH. 
Leucine (a-amino-isocaproic acid) 

CH(CH3)2 . CHg . eH(NH2) . COOH. 

Isoleucine (a-amino-j3-methyl-)3-ethyl-propionic acid) 
CH(C2H5)(CH3) . CH(NH.,) . COOH. 

Serine (a-amino-j8-hydroxy-propionic acid) 

CH2OH . CH(NH3) . COOH. 

Aspartic acid («-amino-succinic acid) 

COOH . CHaCHCNHa) . COOH. 

Glutamic acid (a-amino-glutaric acid) 

COOH . CHa . CH3 . CH(NH2) . COOH. 

Ornithine (a-8-diamino-valeric acid) 

CH3(NH3) . (CHa)^. CH(NH3) .COOH. 

Arginine (8-guanidine-a-amino-valeric acid) 

HN = C(NH3).NH.CH3(CH2)2.CH(NH2).C00H. 
Lysine (a-e-diamino-caproic acid) 

CH^CNH^) . CHa), . CH)NH3) .COOH. 

Cvstine {di-|S-thio-a-amino-propionic acid) 
S.CH2.CH{]SIH3).C00H 

S.CH2.CH{,NH3).COOH. 

Phenyl alanine (^-phenyl-oc-amino-propionic acid) 

CgHs . CHa . CH(NH2) . COOH. 

Tyrosine (,8-p-hydroxy-phenyl-a-amino-propionic acid) 

HO . CeH^ . CHa . CHlNHa) . COOH. 

Histidine (jS-iminazol-a-amino-propionic acid) 
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Tryptophane, j8-indoIe-«-amino-propionic acid 


C-CHa'CH(NH2)'CO0H 


It will be observed that considerable diversity of molecular 
structure exists amongst these acids. Amino-acids may be 
substitution products of aliphatic acids having either an odd 
or an even number of carbon atoms, and having branched 
chains valine, leucine, iso-leucine), or straight chains^ 

alanine, lysine). Ornithine, arginine, and lysine, contain 
more than one amino-group and are consequently more basic 
than the other amino-acids, while aspartic and glutamic acids 
each contain two carboxylic groups and one amino-group. 
Serine, cystine, phenyl-alanine, t^u’osine, histidine, and 
tryptophane, are substitution derivatives of alanine. Cystine 
may exist in the reduced form, cysteine, 

CHaCSH) . CI-I(NH2) . COOH. 

Phcnyi-alanine and tyrosine are aromatic compounds, and 
histidine and tryptophane are heterocyclic compounds. 

Proline, or a-pyrrolidine-carboxylic acid, which is not an 
amino-acid, is usually present among the products of the 
hydrolysis of proteins (table XIV). 

KC 


CH-COOH 


Prollne, 

Simple proteins f proteoses , peptones » and peptides* Proteins, 
like polysaccharides and certain other anabolic products, possess 

1 C/. the aliphatic acids in fats. These acids have straight chains only, 
and contain an even number of carbon atoms. 


APPENDIX I 


425 


giant molecules. For instance, it has been estimated that the 
molecular weight of edestin, the reserve protein of hemp seedj 
is 208,000, and that the radius of the molecule is 
When hydrolyzed in the presence of acids or of enzymes, pro- 
teins yield derivatives possessing smaller molecules, viz., 
proteoses, peptones, polypeptides, dipeptides, and amino-acids. 
The percentages of various amino-acids, proline, and ammonia, 
which have been obtained by the hydrolysis of certain seed- 
proteins are given in table XIV. 


Table XIV. The percentage of various amino-acids^ proUnej 
and ammonia, found among the products of hydrolijsis of 
certain vegetable proteins. 



Edest4n from 
hemp seed. 

Gliadin from 
wheat grains. 

Legnmhi from 
the pea. 

Legiinielin 
from the pea. 

Glycine . 

3-8 


0-4 

0*5 

Alanine . 

3*6 

2-0 

2*1 

0*9 

Valine 

— 

3-3 

— 

0*7 

Leucine . 

20*9 

6*6 

8*0 

9*6 

Proline . 

1-7 

13-2 

3*2 

4*0 

Phenyl alanine . 

2-4 

2-3 

3*8 

4*8 

Aspartic acid . 

10-2 

0-8 

5*3 

4*1 

Glutaminic acid 

19*2 

43*0 

17*0 

13*0 

Serine 

0-3 

0*1 

0*5 

— 

Tyrosine . 

2-1 

3*3 

1*6 

1*6 

Cystine . 

1-0 

1*6 

0*8 

' — “ 

Lysine 

2-2 

1*2 

5*0 

3*0 

Histidine . 

2-1 

2*2 

1*7 

2*3 

Arginine . 

15-8 

3*0 

11*7 

5*5 

Tryptophane . 

2*5 

1*4 

1*8 


Ammonia 

1*9 

5*2 

2*0 

1*3 


For a long time it was widely held that proteins and their 
derivatives result exclusively from the union of amino-acids by 
means of peptide linkages (-CO.NH-), thus 


Y i. i, i, :i 

I There is no convincing evidence of the synthesis of peptides 
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from amino-acids under the agency of peptidases (or erepsin). 
Nevertheless it is often assumed that in living cells the forma- 
tion of proteins by the condensation of amino-acids, and the 
hydrolysis of proteins, are reversible reactions. 

Proteins ^ proteoses ^ peptones ^ polypeptides 
^ dipeptides amino-aeids. 

— ^ hydrolysis. 

-r— condensation with the elimination of water. 

Abderhalden has suggested that proteins may be partly con- 
structed from substituted diketopiperazines, from which 
amino-acids may be produced by hydrolysis : — 

^CO - C^-R, 

HN NH+2H»0->-R 

\ / 

Rg-CH - CO 

Diketopiperazine. 


,.CH(NH2).C00H + R2.CH(NH2).C00H 


Since the properties of polypeptides, peptones, proteoses, 
and proteins, are determined by the nature, number, and 
arrangement, of the constituent amino-acids, immense possi- 
bilities of variation exist. The number of possible protein 
individuals by far exceeds the number of living organisms. 
The results recorded in table XIV show that considerable 
differences in composition are found among the reserve proteins 
of seeds. Furthermore, there is definite evidence of differences 
in the properties of the physiologically active proteins of the 
cytoplasm and nuclei of different species, and indeed of different 
races of the same species. 

The oecurrence and physical properties of the simple. proteins, 
and their derivatives* The classification of the simple proteins 
depends upon their solubilities. Albumins are soluble in water. 
Globulins are insoluble in water, but dissolve in dilute solutions 
of certain salts. Prolamins are insoluble in water and saline 
solutions, but dissolve in seventy per cent, ethyl alcohol. 
Glutelins are insoluble in water, saline solutions, seventy per 
cent, alcohol, but dissolve in dilute alkalies. 

Albumins and globulins occur in protoplasm and as reserve 
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food ^ in storage-tissue. Prolaniins are only found in cereal 
grains, where they are associated with glutelins^ albumins, 
and globulins. The prolamin of wheat is called gliadin. The 
gluten produced when wheat flour is mixed with water owes its 
tenacity to the physical properties of gliadin. 

Colloidal solutions termed emulsoid sols (p. 4»37) are obtained 
by dissolving proteins in water, saline solution, or some other 
solvent. It is probable that proteins are present in colloidal 
solution in cell-sap. Amino-acids yield crystalloidal solutions. 
Many of these acids have been detected in the free state in 
plant-cells. The physical properties of solutions in which 
proteins are undergoing hydrolysis gradually change as the 
dimensions of the solute molecules diminish. Thus the solution 
containing proteoses has been described as semi-colloidal, 
because proteoses can diffuse across a parchment membrane 
(p. 433) but are precipitated by saturating the solution with 
ammonium sulphate. Proteoses, peptones, and peptides, have, 
been detected in plant-cells. It is possible that the tripeptide 
glutathione, or y-glutamyl-cysteinylglycine,^ is widely distri- 
buted in plants, and plays a part in cellular oxidations. 

CHg.SH 

CH . NH . CO . CHa . CHa . CH(NH3) . COOH 

CO.NH.CHaCOOH Glutathione. 

Since they contain amino -groups as well as carboxyl-groups, 
proteins and their derivatives are amphoteric electrolytes. 
At their isoelectric points proteins show their minimum solu- 
bility and are frequently precipitated. This precipitation is 
reversible. On making the isoelectrical protein solution either 
more alkaline or more acid, the protein again dissolves. 

^ .E.g., the protein grains in the cotyledons of leguminous seeds, and 
the grains and crystalloid bodies in the endosperm of the seeds of Mtcifiuts 

communis. ■■ . . , , ' 

2 A product formed by the union of glutamimc acid, eysteme, and 
glycine. Two molecules of the tripeptide (G-SH) may undergo dehydro- 
genation, and give oxidized glutathione (G-S-S-G), 
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Solutions of albumins and of globulins are rapidly coagulated 
at 100° Centigrade. The coagulation of plant-globulins is as a 
rule incomplete. The maximum coagulation is shown at the 
isoelectric point of the dissolved protein. This form of precipi- 
tation is irreversible. 

Dissolved proteins are precipitated by strong solutions of 
certain salts. ^ Ammonium sulphate is a convenient salt to use 
for this purpose. Albumins are often precipitated in half- 
saturated solutions of ammonium sulphate. Solutions of 
globulins must usually be saturated with ammonium sulphate 
before the protein is precipitated. Such precipitation is 
reversible. Upon diluting the solution the protein again 
dissolves. Proteins are also reversibly precipitated by alcohol. 
If, however, the precipitate is left in the alcoholic solution, the 
protein gradually undergoes a change called denaturation, and 
becomes insoluble in water or dilute saline. The proteins are 
denatured in protoplasm that has been fixed by absolute 
alcohol. Dissolved proteins may slowly undergo spontaneous 
denaturation at ordinary temperatures. It is possible that 
certain changes in the protoplasm of old cells may be the result 
of the slow denaturation of the proteins. 

Proteins may be irreversibly precipitated by certain chemical 
reagents. Acids with heavy anions tannic, osmic, picric, 
phosphotungstic acids), and the salts of heavy metals 
(e.g., copper, lead, barium, mercury) react chemically with 
proteins and form insoluble products. The reasons why most 
of these substances are poisons is therefore not far to seek. It 
should be noted that some of these precipitating agents enter 
into the composition of well-known fixatives for protoplasm. 

Conjugate-^proteins, All living cells contain proteins which 
exist either in chemical combination or in physical association 
with other compounds. Such complex units are termed 
conjugate-proteins. The chromatin material in the nuclei of 
living cells is largely composed of nucleoprotein.^ It has been 

^ Cf. the salting-out of the dispersed solutes of other emulsoid sols 
:(p.,.437).' - 

2 Since it appears that the composition of nucleic acid does not vary 
from plant to plant, the variation in the composition of chromatin, the 
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suggested that a molecule of micleoprotein contains two distinct 
proteins, A and B, in association with nucleic acid : — 

Protein A — ^protein B — ^nucleic acid. 

In the presence of the gastric juice of animals {i.e,, pepsin in 
decinormal hydrochloric acid) protein A is split off from the 
nucleoprotein, leaving [protein B — nucleic acid] as the residual 
conjugate-protein. This residue is called nuclein. The insolu- 
bility of nuclein in the gastric juice should be noted. As a 
result of the hydrolysis of nuclein in the presence of the 
pancreatic juice of animals trypsin in alkaline solution), 
protein B and nucleic acid are set free. 

It is possible that protein and lipoid become associated in all 
living cells as lipoprotein (or lecithoprotein). According to 
Lubimeriko (see Priestley’s review, 113 ) natural chlorophyll 
is a pigmented conjugate-protein, and chlorophylls a and b, 
carotin, and xanthophyll, are decomposition products of this 
chromoprotein. ^ It is also possible that some of the heematin 
compounds in plant-cells exist as conjugate-proteins. 

Amides. The chemical reaction by which amides, R . CONHg, 
are produced from organic* acids by the substitution of an 
amino-group for a hydroxyl group is called amidation. 
Formamide, H.CONH^, and acetamide, CH3.CONH2, would 
be the first and second members in a homologous series derived 
from the fatty acids. Actually, amides of acids belonging to 
this series do not occur in plants. It is probable, however, 
that some of the constituent amino-acids in proteins are 
amidated. These acid amides, R.CH(NH2) . CONHg, on hydro- 
lysis are deamidated, and yield ammonia and amino-acids. 
Asparagine, COOH . CII2 . CH(NH2) . CONH2, the amide of aspar- 
tic acid, and glutamine, COOH.CH2.CH2CH(NH2) XONHg, 
the amide of glutaminic acid, play exceedingly important parts 
in the metabolism of certain plants. 

so-called material basis of inheritance, has been attributed to variation 
in the composition of the protein constituents of nucleoproteins (c/. the 
remarks made on p. 426). j 1 . 

1 It seems to be well established that phycoerythrm, the red colouring 
matter that occurs in the chloroplasts of plants belonging to the red alg®, 
is a cliromoprotein. 
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Small amounts of urea, CON2H4, have been found in a number' 
of plants (e.g,f spinach, cabbage, potato). The following 
structure has been assigned to this compound : — 




NH=C 

\+ 

NH3 

Urea. 

Urea may play a part in the synthesis of proteins in plant- 
cells. 

Guanidine, or imino-urea, NH : C(NH2)2, is represented in 
the amino-acid, arginine, and has been found in the free state 
in the seeds of vetch. 
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SECTIONS ON PHYSICAL CHEMISTRY^ 

The three states of matter are represented in plants. Cell- 
wall materials^ starch and other grains, and caieiiini oxalate 
and other crystals, are good examples of solid snbstances ; 
liquids are represented by aqueous solutions and fatty oils ; 
and a niixture of gases and water-vapour occupies the iuicr- 
cellular spaces. As a result of this diversity a large number of 
problems exist concerning the physical heterogeneity of plants. 
In this appendix, however, we shall confine our attention to 
certain of the physical properties of solutions that affect the 
structure and behaviour of living cells. 

A. The Properties of Aqueous Disperse Systems 

The relations between metabolic products and aqueous 
solutions (e.g. cell-sap) are very variable. Thus very little 
affinity is shown towards water by fatty and ethereal oils, 
suberin, cutin, waxes, solid resins, and crystals of calcium 
oxalate and calcium carbonate. Another set of substances 
imUhe and swell, but do not dissolve; the process is 

reversible, and the swollen substance contracts on dryitig. As 
examples of such substances we cite cellulose (whether asso* 
ciated with pectic substances or with lignin), heniicelluloses, 
starch, and certain proteins the gliadins and glutelins of 
cereals). Unchanged inorganic salts and many metabolic 
products organic acids and their salts, sugars, many 

glycosides, tannins, albumins, ^ peptones, etc.) dissolve in water, 

1 For further information concerning the subject-matter dealt 
this appendix, see Bayliss {U), Tindlay (M), Gortner (,50, Stiles ( 

2 Globulins are insoluble in pure water, but dissolve iir dilute saline 
solutions (p. 426) ; hence they may at times be soluble in cell-siip. Since 
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and are consequently found in solution in cell-sap. We are 
primarily concerned at present with the properties of systems 
composed of substances dispersed in water. 

Clmsifi-cution ■ of disperse aqueous systems as coarse disper'^ 
stows, eoUoidal solutions, and erystalloidal solutions^ Particles 
of matter are said to be in a dispersed state when they are 
separated by distances that are large in comparison with their 
own linear dimensions. Insoluble substances can often be dis- 
persed sufficiently finely in water for some time to pass before 
the effects of surface-tension and gravity cause the dispersed 
particles to coalesce. We speak of such heterogeneous systems 
as coarse dispersions, when the dispersed particles are visible 
under the microscope, Le,, when their mean diameter is greater 
than 100 ja/x (wffiere /x = 10“® mm. and pp = 10""® mm.). A 
suspensmi is a coarse dispersion in which the dispersed phase is 
solid and the continuous phase liquid (e.g,, a suspension of clay 
in winter). The dispersed particles will not pass through 
ordinary filter-paper. In an emulsion both phases are liquid 
{e,g,, an emulsion of oil in ivater). Coarse dispersions ^ are not 
permanently stable.‘^ For instance, clay particles separate out 
from clay suspensions, and, in oil-water emulsions, the oil 
globules coalesce and cream to the surface. The irregular 
motion termed Brownian movement confers temporary stability 
on a suspension or an emulsion. This movement is caused by 
the bombardment of the particles from all sides by the rapidly 
moving molecules of the aqueous continuous phase, and may be 
observed in a suspension of gahibbge in water viewed under the 
high power of a microscope. 


hM 


proteins are ampholytes, it is probable that the solubilities of albumins 
and globulins will be affected by the pH of cell-sap (p. 427). The study 
of variations in the physical state of proteins and other substances in 
living cells is a complex one, and our knowledge of this difficult subject 
is still in a rudimentary state. 

^ There are other coarse dispersions besides suspensions and emulsions. 
Thus a gas dispersed in a liquid gives a foam, a solid in a gas gives a smoke, 
a liquid in a gas gives a cloud, and so forth. 

2 The presence of a third substance may increase the stability. Thus 
lead shot sink at once in water, but can be held in suspension in jelly. 
The stability of a heterogeneous system is enhanced when the continuous 
phase offers resistance to the movement of the dispersed particles. 
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A solution may be defined as a stable disperse system which 
contains particles of molecular dimensions dispersed in a solven t. 
Externally the whole system appears to be homogeneous. The 
dispersed solute particles pass through ordinary filter-paper, and 
the particles themselves cannot be seen even under the highest 
power of the microscope. From this last fact it appears that the 
linear dimensions of the solute particles in a solution must be 
less than half the wave-length of the shortest waves in the visible 
spectrum (400 py). Actually there is no definite border-line 
between the finer suspensions and emulsions, arid true solutions. 
It is usual, however, to describe as solutions the systems that 
contain solute particles less than 100 yy in diameter dispersed in 
water, -whether these are ions, molecules, pr micellas. ^ For single 
molecules dispersed in water, i.e., molecular or ionic dispersoids, 
much variation occurs in the size of the solute particle. The 
diameters of molecules of hydrogen (0-1 yy), sodium chloride 
(0-26 yy), glucose (0-7 yy), haemoglobin (2-5 yy), and stax-ch 
(5 yy), indicate the order of this variation in molecular 
dispersoids. 

There is evidence that dispersed molecules may become 
hydrated, and then associate to form larger aggregates. As the 
diameters of the dispersed particles increase and approach 
100 yy the properties of the system tend more and more to 
resemble those of a coarse dispersion. Aqueous solutioixs are 
described as colloidal solutions, or hydrosols, wdien the mean 
diameter of the dispersed particles is greater than 1 yy, and as 
crystalloidal or true solutions when the mean diameter is less 
than 1 yy. That the line of demarkation is not sharp is indicated 
by the use of the term semi-colloid to describe the properties of 
certain solutions in which the diameters of the dispersed 

particles range about 1 fifx. j-.f -n 

Thomas ' Graham (1861) discovered that very diffusible 
solutes can pass rapidly through parchment membranes, i.e., 

1 A micella or micelle is the name given to an ultra-microscopic struc- 
ture formed by the physical association of two or more molecules, either 
lihe or TOlike, hr of molecules and ions. None of the associated molecules 
or ions tose their identity ; hence a micella is not to be considered as a 

single cheinieal conipoiind. 
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they diaiyze rapidly^ while solutes that diffuse but slowly 
dialyze but slowly' or not at all. He described as crystalloids 
the substances that dialyzed^ when he found tliat^ as a rule, 
they could be crystallized ; and the substances that did not 
dialyze, and these generally resembled glue in being amorphous, 
he termed colloidsd At the present day we do not distinguish 
between crystalloidal and colloidal substances, but between the 
erystailoidal and colloidal states, since many examples are now 
known of substpices which, under certain conditions,, dissolve: 
to '.yield crystalloidal ' solutions, and, under others, colloidal 
solutions. ' . . 

In crystalloidal solutions the dispersed particles are less 
than 1 /xft in diameter, and pass through a parchment 
membrane as ^ well as through filter-paper. Crystalloidal 
solutions may be regarded'' as molecular or iomc dispersoids 
according as- the dissolved- substance is. a non-electrolyte 
(for example : .sugars, ■' many glycosides, glycerol, and many 
si.mple .ketonic, aldehydic, and .'alcoholic substances), or 
an electrolyte (for .example: inorganic salts, and vege- 
table, acids,, fatty acids, and .amino-acids, and their salts). 
Owing to the inherent movement of the molecules or ions 
crystalloidal, ..solutions are: permanently stable . as physical 
systems... ' ' " ' 

. In colloidal solutions the particles are less than 100. /xju. but 
greater than 1 jiyi in diameter, and pass through filter-paper but 
not through the pores of a parchment rne.mbrane. Colloidally 
dispersed particles .'may be separated from erystalioidally 
dispersed particles by dialysis (see fig. 52 ), or hj ultra-filtration. 
That colloidal solutions are physically heterogeneous is often 
indicated by their 'turbidity ; and: even when they are abso- 

^ It is recalled that the solute particles in a colloidal solution pass 
through ordinary filter-paper. It is possible, however, to hold back the 
particles (a) by filter-paper that has been treated with collodion or 
gelatine so as to decrease the average size of the pores, (h) by clay or 
porcelain filters, or (c) by collodion thimbles. The solute particles of 
crystalloidal solutions pass through the pores of these filters or thimbles. 
Ostwald (106) describes methods for separating particles in crystalloidal 
dispersion from those in colloidal dispersion, by such ultra-filtration. The 
technique has important applications in biochemical practice. 
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liitely clear liquids, the scattering of light which is shown when 
they are intensely illuminated from one side only (Tyndall- 
phenomenon) demonstrates their heterogeneity. In niiero- 
scopical examinations of the 
so-called , Tyndall-cone, ■ the 
presence of dispersed particles 
in colloidal solutions is at times 
indicated by visible points of 
light which show active Brown- 
ian movement.^ Colloidal solu- 
tions are heterogeneous physical 
systems whose properties are 
intermediate between those of a 
true solution and a coarse 
dispersion. The conditions that 
determine the stability of Fig 
colloidal solutions (c/. coarse 
dispersions) will be discussed 
below. We note here that the 
properties of the colloidal solu- 
tion formed by shaking clay 
with water and then filtering, 
bear on problems of the physical 
state of soils (chap. V), and 
that there are very many 
metabolic products which dis- 
solve ill water to give hydro- 
sols. Examples of these pro- 
ducts are the proteins, many 
polysaccharides starch, 

inulin, glycogen), gums, and 
tannins. Peptones and the 
salts of fatty acids soaps) may be mentioned as semi- 

colloids. 1 7 J T. I. 

Hydrosols have been classified in two groups, the hydrophobe 

I A special apparatus, called the ultra-mvaroseope, is used to make such 

observations (see e.g., Bayliss J4). 


52. — ^Vheii it is free from de- 
fects, parchment tube, looped, 
pierced with a glass rod, and set 
up as shown in the diagram, 
makes an effective dialyzer. It 
should be filled with the solution 
under examination, and water is 
placed in the containing vessel. 
Particles in crystalloidal disper- 
sion Avill diffuse across the mem- 
brane, and those in colloidal 
dispersion will be held back. So 
as to maintain a diffusion gradient 
for the former, the water in the 
containing vessel should be 
changed periodically. If the 
object of the experiment is to 
free the colloidal solution from 
crystalloidally dispersed particles, 
water running at a slow speed 
should be used. The glass rod 
should then be raised so as to 
prevent the leakage of liquici in 
and out of the parchment tube. 
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systems ^ or suspensoid hydrosols^ and the hydropMle systems^ or 
emulsoid hydrosols. 

Hydrophobe systems {or suspensoid hydrosots)^ The term 
hydrophobe implies that the dispersed particles possess but 
little or no affinity for water, and actually we group as suspen- 
soid hydrosols the solutions that contain in dispersion solid 
particles less than 100 pp but greater than 1 pp in diameter. 
Inorganic suspensoid hydrosols of gold, silver, arsenious 
sulphide, ferric hydroxide, clay, etc., are readily prepared (see 
Onslow' 104). They are clear non-viscous liquids, but show 
the Tyndall phenomenon, and particles in Brownian move- 
ment can be detected' with the ultra-microscope. Suspensoids 
owe their stability mainly to the fact that the dispersed 
particles are electrically and similarly charged,^ and thus 
mutually repel one another. The Brownian movement of the 
particles also favours stability. 

The presence of charged particles may be demonstrated by 
imposing an electromotive force on a sol. Thus for example, 
the negatively-charged particles of a metallic sol may be made 
to move towards the positive pole. This movement of 
colloidally dispersed particles under an electromotive force is 
termed cataphoresis. 

The colloidally dispersed particles in suspensoids are precipi- 
tated by the ions of opposite sign contained in added electro- 
lytes. The precipitating power of an ion increases with its 
valency. Thus it has been estimated that for positively 
charged particles, the precipitating powers of SO 4 '', and 

Cr, are in the ratio 1,000:35:1.^ It is characteristic of 
suspensoids {of. the behaviour of emulsoids) that their stability 
is destroyed by small quantities of electrolyte. Precipitation is 
virtually irreversible, drastic treatment being required to bring 
about re-dispersion. 

^ Either positive or negative changes may originate through direct ioniza- 
tion or through the adsorption of ions of the dispersed particles, and 
negative charges may result from contact with water, which possesses a 
high dielectric constant. 

^ The flocculation of negatively charged particles by the addition of 
bivalent ions of calciurp is one hf the advantages which accrue from 
liming certain wet clay soils. 
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M^dropMle systems (or emulsoid Iiydrosols), Certain mole- 
cules or micellses having an affinity for water (hence the term 
hydropMle), imbibe water to give liquid particles of mean 
diameter betw^een 1 pp and 100 py, which become dispersed in • 
the solvent* The system is described' as an emulsoid hydrosoi. 
Most of the colloidal solutions occurring in plants 
cell-sap containing proteins^ tannins, or inulin) are of this 
hydrophile or emulsoid 'type. Moreover, emulsoid hydrosols 
are readily prepared from certain plant-products, e.g., gums, 
starches. 

Emulsoid hydrosols are turbid and show the Tyndall effect. 
They cannot, as a rule, be resolved under the ultra-microscope. 
Doubtless the dispersed particles are in Brownian movement, 
which, together with the electrical properties and the viscous 
state of emulsoid sols, will favour stability, 

Cataphoresis experiments indicate that the dispersed liquid 
particles are often electrically charged (footnote, p. 4S6). 
Dispersion will be favoured by the mutual repulsion of particles 
charged with the same sign. As a class, however, emulsoid 
sols differ from suspensoids in not being precipitated by small 
amounts of electrolyte. There is a factor promoting stability 
which dominates the electrical properties. This is probably 
the high affinity for water possessed by dispersed particles, 
since the addition to an emulsoid hydrosol of a suHicient 
amount of a substance having a higher affinity for water than 
the dispersed particles leads to the dehydration of these 
particles, and, consequently, to the separation of the dispersed 
solute as solid particles. Thus in strong solutions of salts 
(<?.g., from half to fully saturated solutions of ammonium oi 
sodium sulphate) solid particles appear. These may be collected 
by filtration through ordinary filter-paper, or by decanting 
the liquid above the solid mass that is formed by the settling 
of the particles either under the action of gravity or under the 
action of centrifugal-force applied in a centrifuge. Ethyl 
alcohol is another dehydrating agent which causes precipita- 
tion in emulsoid sols, regardless of the molecular structure of 
the dispersed particles. The precipitates that form on simple 
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dehydration re-dissolve when the conditions again favour dis- 
persion {ef, the irreversible precipitation df suspensoids of weak 
electrolytes 

Emulsoid hydrosols are more viscous than pure water, and 
their viscosity increases with increase of concentration or with 
lowering of temperature. Conversely, the viscosity is reduced 
by dilution or by warming. Emulsoid sols owe their stability 
chiefly to their high internal friction. This opposes agglutina- 
tion and the settling of dispersed particles under the action 
of gravity. In many emulsoid hydrosols gelatin, agar- 
agar, soap, starch, and silicic acid) a progressive increase in 
viscosity is followed by a change of physical state. ^ The sol 
sets and becomes a gel. A gel may be defined as a more or less 
rigid emulsoid system. Whether a hydrophile colloid takes the 
form of a sol or a gel depends upon its concentration and the 
temperature.^ Thus the viscosity of a solution of gelatin in 
warm water increases as the temperature is lowered, and sooner 
or later the sol sets to a hydrogel. This gel possesses rigidity, 
that is, it can oppose a shearing stress, i.e,, a stress which tends 
to distort the gel without increasing or decreasing its volume. If 
the stress is below a certain limit, the gel will return to its original 
form when the stress is removed. If the stress exceeds this limit, 
the gel flows, and, when the stress is removed, the gel remains in 
its distorted condition, the gel is plastic. If the value of the 

^ Conceivably tliis precipitation and re-solution by changes in the salt- 
concentration of the continuous phase may play a part in certain cell 
events. Thus certain freezing injuries from wiiich plants suffer in the 
field and in cold storage have been attributed to the precipitation of 
colloids following the increase in concentration in salts which occurs 
when ice crystals separate in cell-sap. Possibly, however, the mechanical 
injury caused by the separation of ice crystals affords a better explana- 
tion. . 

2 Unfortunately, little is known about sol gel equilibria in naturally 
occurring proteins, lecithins, components of mucilages and pectic sub- 
stances, etc, Hydrogels have not yet been prepared from hydrosols of 
inulin, glycogen, dextrin, araban, xylan, the complex acids in gums and 
resins, tannins, and native albumins and globulins. 

® It appears, also, that the salt composition and the hydrion concentra- 
tion may affect the viscosity of a hydrophile colloid, and, consequently, 
play a part in governing sol gel transformation. A further point to 
note is that gelatin and other gels may sometimes be converted into sols by 
mechanical agitation. 


APPENDIX II 


439 



stress that causes plastic flow is very' low it becomes difficult to 
distinguish such a highly plastic gel from a viscous sol ; for the 
essential distinction between a solid and a fluid is that whereas 
a solid will come to a position of equilibrium under a shearing 
stress, and flows under the stress only if this exceeds a certain 
finite value, a fluid cannot resist a shearing stress, however 
small this may be. Different fluids yield at very different 
rates to a small shearing stress. The more viscous a fluid is, 
the more slowly does it yield. Clearly, in limiting instances, it 
becomes difficult to distinguish between a highly viscous fluid 
and a very plastic solid. 

Mention may be made here of an interesting phenomenon, 
termed hysteresis, shown by 
many gels. The use of this 
term in colloid-physics can best 
be explained by means of an 
example. Agar-agar by imbib- 
ing water swells in the cold. ^ g 

On heating to about 100° C., g3._Diagram to illustrate the 
the swollen gel changes to a sol. 

On cooling, the sol does not 
re-set to a gel until a tempera- 
ture of 35° C. has been reached. 

There is thus a difference of 
nearly 70° C. between the melting-point of agar gel, and the 
setting-point of agar sol. Gelatin shows a similar but slighter 
lag. 

Enormous pressure is required to squeeze water out of 
a set hydrogel. It has, therefore, been suggested that 
when a sol turns into a gel, what was previously the continuous 
phase, viz., the more dilute solution, becomes the dispersed 
phase, while the previously dispersed liquid droplets of con- 
centrated solution cohere to form the continuous phase 
(fig. 58). 

Solid substances {e.g., gelatin) that can form hydrogels and 
plant-organs {e.g., dry seeds, or a piece of dry stipe of Laminaria) 
containing such substances imbibe water and swell, and as the 


reversal of phases during sol 
gel transformations. If the black 
represents the more concentrated 
solution, and the white the more 
dilute, A represents a hydrosol, 
and B a hydrogel. 
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volume of the swelling substance or organ increases/ great 
imhibitional pressures are developed. For instance, peas placed 
with water in a metal cylinder can in swelling be made to 
lift a weighted piston. The imbibitional capacity of hydrogels 
is affected b}^ the salt composition and the hydrion-coiicentra- 
tion of the medium in wdiich sw^elling occurs. It appears also 
that in many gels the imbibitional capacity decreases with time. 
It has been suggested that this decrease may play a part in the 
phenomena that lead to the senescence of cells. 

One of the most characteristic properties of hydrogels is 
that they tend to contract and in doing so liberate aqueous 
solutions. Thus the liquefaction of agar-slopes is a well- 
known phenomenon, and is described as symresis. It has been 
suggested that syneresis may pla}/* a part in the secretory 
activities of cells. There is as yet no evidence, however, 
that plant protoplasm contracts spontaneously. 

B. Phenomena Associated with Surfaces 

Three obvious phase- boundaries are seen when a vacuolated 
plant-cell is mounted in an aqueous solution, and examined 
under a microscope : viz., those between (a) the cell-wall and 
the aqueous solution, ^ {h) the protoplasm and the cell-wall, and 
(c) the protoplasm and the cell-sap in the vacuole. Further- 
more, hydrosol or hydrogel systems are present in cell- walls, 
protoplasm, and cell-sap. This statement implies that as a 
result of the colloidal dispersion of metabolic products vast 
internal surfaces develop during the growth of plant-cells. 
To illustrate this fundamental fact let us suppose that a cube 
of metallic gold with edge of 1 centimetre, and therefore having 
a total surface of 6 square centimetres, is subdivided to the 
limit of ultramicrosGopic visibility into cubes the edge of 

^ The total volume of water plus swollen gel is, however, less than that 
of the original volume of water plus solid. "It is not known whether this 
contraction and the simultaneous liberation of heat possess biological 
.significance. 

2 In a tissue of a higher plant, however, the water-saturated wall of a 
parenchymatous cell is exposed to the moist air of the intercellular space 
,,'system.s. ^ 
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each of which is 100 jix/x in length). The total surface-area of 
the 10^® cubes so formed, would then be 600 square metres.^ 

It has also been calculated that a surface of several thousand 
square metres would be developed by dispersing a cubic centi- 
metre of dry starch so as to form a molecular dispersoid. 

As we proceed in physically heterogeneous aqueous systems 
from the dimensions of particles found in coarse dispersions 
(suspensions and emulsions) to those in colloidal and then to 
those in crystalloidal solutions the specific surface increases 
enormously. Phenomena associated with surfaces are there- 
fore of great interest to physiologists. 

The properties of the phase-boundary between a liquid and 
gas or vapour have been much studied and the results indicate 
how other interfaces may best be considered. The forces of 
cohesion exerted between molecules in a liquid are very high. 
In the body of a liquid this force will act equally on every side of 
every molecule. At the phase-boundary between liquid and gas 
or vapour, how’'ever, this force of cohesion does not act on the 
molecules from above. Consequently, although there are other 
forces that may cause molecules to leave surface layers, these 
layers behave as if they were in a state of tension. It is easy to 
demonstrate that soap-films can be stretched. This stretching 
can be effected by blowing a soap-bubble, or by exerting a 
pull on a moveable arm of a rectangular frame that encloses 
a soap-film. The stretched film of the bubble and that in the 
frame contract when one ceases to blow the bubble or removes 
the pulling force from the arms of the frame. 

Forces of cohesion may also create states of tension at the 
interfaces between solids and liquids, and between immiscible 
liquids. The general remarks which follow apply equally to 
these interfacial-tensions and to the surface-tension between a 
liquid and gas or vapour. 

It is clear that areas under tension must be potential sources 
of energy as work must be done to increase the area under 


of the system, this would mean that the specific surface has increasta 


10® times. 
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tension.^ Now, there is a physical principle of universal 
application which states that the total free-energy of any 
isolated physical system tends towards a minimum. For 
surface-energy this tendency may be satisfied either by a 
diminution of surface-area, or of surface-tension. 

The surface-energy of a given liquid in contact wdtli air can 
only be reduced by a diminution of surface-area. Thus oil 
disperses in water and mercury scatters on glass as spherical 
droplets, and two clean droplets that touch will coalesce, 
the liquid droplets always tend to assume the form (viz., a 
sphere) with the minimal surface-area for a given volume of 
liquid. 

When surface-tension can alter, surface-energy may be 
reduced by a diminution of surface-tension, and this may 
happen without a change of surface-area. It has been found 
that most solutes, other than inorganic salts, lower the surface- 
tension between water and air, and that interfacial-tensions 
between liquids are reduced by all solutes. It appears, there- 
fore, that the free-energy at interfaces may often be reduced 
by the migration of solutes to these interfaces. The formation 
of stable emulsions by shaking a fatty-oil with water in the 
presence of alkali, provides a good illustration. Fatty-oils 
always contain free fatty-acids. These combine with the 
alkali to yield soaps, which lower the interfacial-tension between 
the oil-droplets and water, and hence migrate to the surface 
of the droplets. Consequently the free-energy of these surfaces 
is reduced, and the tendency towards the diminution of the 
surface-area by the coalescence of the liquid droplets is opposed, 

^ But it must not be assumed that, if we increase the area of a surface, 
the total energy resident in the surface is equal to the work done in pro- 
ducing this increase in area. For, in order to stretch the surface at constant 
temperature, there must be an inflow of heat-energy into the surface. 
The total energy of the surface therefore consists of two terms, and the 
term representing the heat entry makes a very important contribution to 
the total surface-energy. Methods for determining surface-tensions may 
be found in any manual of practical physical chemistry. The results are 
usually given in dynes per centimetre, or, what amounts to the same 
thing, in ergs per square centimetre of surface. The surface-energy then, 
represents, not the total energy per unit surface, but the f ree-energy, which, 
as is showm in books on thermodynamics, is equivalent to the maximum 
work available in an isothermal transformation. 
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i.e., the emulsion becomes stable. The formation of an insoluble 
film at the surface of an egg-albumin solution in water provides 
another instructive example. This film owes its origin to the 
fact that egg-albumin lowers the surface-tension of water in 
contact with air. Consequently the albumin particles tend to 
migrate to the surface, and the concentration of albumin in the 
surface layers becomes so high that the albumin coagulates and 
forms a solid pellicle (c/. plasmatic membranes, p. 21). 

An important consequence of the migration of substances 
that lower surface or interfacial tensions to phase-boundaries 
is that the concentration of these substances becomes greater 
at these boundaries than in the body of the system. The pro- 
cess which causes such an increased concentration at a phase 
boundary is described as mechanical adsorption. We may thus 
state that soap becomes mechanically adsorbed at the surface 
of oil-droplets dispersed in an aqueous medium, and that 
albumin becomes mechanically adsorbed at the phase-boundary 
between air and an aqueous solution of albumin. Adsorption 
must be carefully distinguished from absorption. In adsorp- 
tion there is a local concentration on a surface; in absorption 
we picture the absorbed substance as uniformly distributed 
throughout the absorbing system. 

The decolourizing of many liquids, for example, solutions^ of 
gentian-violet, by animal-charcoal is a simple way of showing 
that solids may act as adsorbents. Most of the quantitative 
iiwestigations on adsorption have been on solid-gas and solid- 
liquid interfaces. Let us suppose that a mass M of a given 
adsorbent, such as a standard preparation of animal-charcoal, 
is dispersed in solutions of different strengths of a single sub- 
stance (e.g., acetic acid) that reduces the interfacial-tension 
between water and charcoal, and is consequently adsorbed by 
the charcoal . The equilibrium between the concentration of the 
solute in the main body of the solution and that on the 
of the adsorbent is given by the equation, known as Frenndhch s 


isotherm — . 

^r/M = oC^ 

where x is the mass of solute adsorbed, M the mass of the absor- 
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bent, C is the final concentration of the solute in the continuous 
phase, and a and b are constants. The constant b is always less 
than 1, and often about when, of course, xjM == a\/ C. This 
equation implies that the absolute amount of solute adsorbed 
increases with the initial concentration of the solution, and also 
with the mass of the adsorbent used. This experimental 
relation also indicates that, for a given mass of adsorbent, the 
relative amount of adsorption decreases as the initial concen- 
tration increases. Dilute solutions may be almost completely 
cleared of the solutes that can be adsorbed, whereas in stronger 
solutions, although more solute is actually adsorbed, there 
remains a residual amount in the continuous phase. The 
relative amount that remains unadsorbed increases as the 
initial concentration is raised. 

If logarithms are taken of the terms in the adsorption 
equation we arrive at 

log (.r/M) = log a + log C. 

Thus if an adsorbent has been adsorbing a solute from a 
solution, and itself remains unchanged (i.e,, M is constant), 
a straight line should be given wdien the logarithm of the residual 
concentration of solute in the solution at equilibrium is plotted 
against the logarithm of the amount taken up. Unfortunately, 
the giving of a straight line does not provide rigid proof that 
adsorption has been in progress, for processes, supposed not to 
be mechanical adsorption, appear also to be governed by 
Freundlicli’s isotherm. 

It appears from recent work that adsorbed molecules are 
never arranged at random on the surface of an adsorbent, but 
are orientated in a manner imposed by their own molecular 
structure and by the solvent properties of the adsorbent and 
of the medium surrounding it. Thus the molecules of salts of 
fatty acids adsorbed on the surfaces of dispersed oil- drops in 
oil- water emulsions are orientated so that the hydrocarbon ends 
of the molecules are directed towards the oil, and the acidic 
ends towards the water. These adsorbed films may be only one 
molecule in thickness. Chemical groups that tend to dissolve 
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in water are called polar groups, and those for which water has 
no affinity are called non-polar groups. The following are the 
polar groups of biochemical interest : —OH, — CHO, — CONHg, 
-SH, — NH^. -COOH, -COOM (metallic salt), -COOR 
(ester). 

Some workers regard adsorption as a purely physical process. 
Others, however, maintain that chemical forces, such as those 
of residual valency, always play an essential part in attracting 
and holding the adsorbed molecules. Purely mechanical 
adsoi-ption should be independent of the molecular str\icturc of 
the surface, and be solely determined by the reduction of inter- 
facial tension. If chemical forces are in control, preferential 
adsorption may occur. This may be determined by the 
molecular structure, and possibly by the orientation, of 
molecules at these surfaces. 

Many insoluble substances become electrically charged when 
they are dispersed in aqueous solutions, either by adsorbing 
hydrogen, hydroxyl, or other ions, or owing to the dielectric 
peculiarities of the solvent. Such electrically charged surfaces 
will be seats of free electrical energy, and this will tend to 
diminish. Hence these particles will tend to adsorb from 
the medium other particles, such as ions, carrying electrical 
charges of opposite sign. This type of adsorption is termed 
electrical adsorption, and it may play a part in the uptake 
of ions by plant-cells. Electrical adsorption may be 
! simply illustrated by experiments on filter-paper. Since water 

possesses a high and filter-paper a low dielectric-constant wet 
filter-paper is negatively charged, and takes up large amounts 
of electrically positive dyes such as night-blue, but only small 
amounts of negatively charged dyes such as congo-red. If the 
^ dielectric-constant of the medium is reduced by adding alcohol 

to it, more congo-red is adsorbed. It is probable that both 
mechanical and electrical adsorption play parts in these 
experiments. 

. Finally, we note that the outer surface of a whole plant 

I exposed to moist air may be the seat of electrical charges. 
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C. Hydrogen-ion Concentration 

The total acidity and the hydrogenF^iom concentration of mid 
solMfionsy and plantsap. Plant-sap is nearly always acid to 
litmus, and many tissues contain vegetable acids in high, 
concentration. Free fatty- and amino-acids, certain proteins, 
and aromatic and other acids, may also contribute to the total 
acidity of plant-sap ; and it must be remembered that a slight 
contribution is made by the carbonic acid that is produced when 
respiratory carbon dioxide dissolves in the cell-sap. Titrations 
with standard alkali yield data for expressing the acidities of the 
sap of different plants in terms of normality. It may in this way 
be shown that lemon juice is approximately a normal solution of 
acidic substances, and that tomato juice is approximately a 
decinormal acid. 

In considering the acidity of soils, the physical state of cell 
proteins, the activity of enzymes, variations in the colour of 
anthocyanins, and other problems, investigators have found 
chief interest to reside not in the absolute amount of replaceable 
hydrogen in plant-sap (i.e., its total acidity), but in the concen- 
tration of hydrogen ions (for short, hydrion-concentration [H*] ) 
in the sap. 

All acids are electrolytes. However varied their molecular 
structure may be, whether that of a simple mineral acid, an 
acid salt (e.g., sodium dihydrogen phosphate), or a complex, 
protein, all acids possess in common the property of becoming 
electrically dissociated in water and giving rise to positively 
charged, hydrogen ions, and negatively charged anions : 
HX^H* + X'. 

The equation indicates that when an acid is dissolved in water, 
an equilibrium becomes established between undissociated 
molecules and the ions into which the acid dissociates. For a 
given acid, it is clear that the hydrion-concentration will in the 
first place depend upon the total acidity of a solution. Thus 
the hydrion-concentration of a normal solution of a given acid 
will be considerably greater than that of a decinormal solution. 

Equinormal solutions of different acids possess the same total 
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acidity as determined by titration. Thus in order to neutralize 
¥ CCS either of normal hydrochloric acid or of normal acetic acid ; 


V CCS of normal alkali must be added. But this does not mean 
that the hydrion-concentration of these normal solutions is the 
same ; for the hydrion-concentration of an acid depends not 
only on its normality but also on its degree of dissociation 
at that normality. 

Physical experiments have shown that there is much varia- 
tion in the percentage dissociation of normal solutions of 
different acids, ^ e.g., the degree of dissociation of normal 
hydrochloric acid is 79 per cent., and that of normal acetic acid 
0-45 per cent. There will therefore be more than 175 times the 
number of hydrogen ions in a normal solution of hydrochloric 
acid than in the same volume of a normal solution of acetic acid, 
i.e. [li*] of normal hydrochloric acid > 175 X [H*J of normal 
acetic acid.^ Acids which give normaf solutions of relatively 
high hydrion-concentration are described as strong acids (e.g., 
hydrochloric acid), and those vehich give normal solutions of 
relatively low hydrion-concentration as weak acids (c.g., acetic 
acid). Both strong and weak acids may be present in the 
mixture of substances that contribute to the total acidity of 
plant-sap. Clearly, therefore, the hydrion-concentration of 
plant-sap cannot be judged from its total acidity. Thus the 
hydrion-concentration of lemon juice may be very different 


1 The dilution governs the percentage dissociation of a given acid. In 
general it may be stated that the more dilute the solution the nearer to 
completion does dissociation become. Thus, by diluting normal hydro- 
chloric acid ten thousand times, the degree of dissociation is increased to 
98 per cent. The hydrion-concentration will however, decrease greatly 
(see footnote 2). 

2 The absolute hydrion-micenimtiou [H*] is usually expressed as gram ions 
per litre. Let us suppose a condition that never actually occurs, viz., that 
an acid is completely dissociated in normal solution. Such a normal 
solution would contain 1 gram of hydrogen ions per litre, since a normal 
solution contains 1 gram of replaceable hydrogen per litre. Hence, normal 
hydrochloric acid, being only 79 per cent, dissociated, will contain 0-79 gram 
ions per litre. This is usually expressed by stating that the [H*] of normal 
hydrochloric acid is 7-9 x lO^bandthat of normal acetic acid is 4*5 X 

The [Hi of N/1000 hydrochloric acid (see footnote i will be 0-98/10,000 
or 9*8 X 10"®. This is much less than the [H-] of normal acid, because the 
number of grams of replaceable hydrogen is ten thousand times less in the 
dilute acid ; for, as we have noted before, it is the total acidity that in the 
first place determines what the [Hi of a given acid will be. 
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from that of normal hydrochloric acid, and that of tomato juice 
from decinormal hydrochloric acid. 

Besides the total acidity and the percentage dissociation of 
the various acidic components at the concentrations in which 
they occur, what are termed buffer substances play an important 
part in governing the hydrion-concentration of plant-sap. The 
' buffer substances that interest us are characterized by dissolving 
to give solutions (buffer solutions) that resist changes in 
hydrion-concentration when acids are added to them. Thus 
the salts of weak acids may be described as buffer substances, 
for it can readily be shown that a much smaller increase in 
hydrion-concentration occurs when a certain volume of a strong 
acid decinormal hydrochloric acid) is added to a solution 
of a salt of a w^eak acid (e.g., sodium acetate) than would occur 
in the absence of the salt. This is because the hydi'ogen ions 
of the strong acid and the acetate ions set free by the dissocia- 
tion of sodium acetate combine to form undissociated mole- 
cules of the weak acid (acetic acid). 

CTTg.COONa ^ Na‘ + CII3COO' (strongly dissociated). 

HCl H* + Cr (strongly dissociated). 

H* + CH3COO' ^ CH3COOH (feebly dissociated). 

The results of the experiments of Martin, and of Iiigold and 
Armstrong, carried out in Small’s laboratory, indicate that 
the salts of phosphoric acid and of malic and citric acids may 
play an important part in the buffering of cell-sap. It is impor- 
tant to realize that the hydrion-concentration of a plant-sap 
that contains such substances may be much higher than it 
would have been in their absence. Buffers have been aptly 
described as moderators or regulato7's of acid-reaction ; and there 
is little doubt that buffering in cells is frequently of great signi- 
ficance. Cell-substances possessing surfaces that adsorb hydro- 
gen ions, and calcium ions when they combine with free acids 
{e.g,, oxalic acid) to form insoluble salts, may also be regarded as 
buffering agents. Small pointed out that whereas certain 
buffer substances (e.g., phosphates) are libsorbed from the soil, 
others are metabolic products, f.e., metabolism may regulate 
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the liydrioii-concentration of cell-sap. Respiration by pro- 
ducing carbon dioxide and photosynthesis by removing carbon 
dioxide can be effective metabolic buffering processes in plant- 
cells. 

The hydrogen-ion concentration of neutral and alkaline 
solutions?- Pure water has a low but measurable electrical 
conductivity. It may be regarded as an extremely weak 
acid and base, seeing that only one molecule in about five 
hundred million is dissociated into hydrogen and hydroxyl ions. 

HaO^IT + OHh 

It has been shown that when hydrogen ions and hydroxyl ions 
are present in the same solution (whether acid, alkaline, or 
neutral) at 22° C., the product of the concentrations of these 
ions (?’.£?., [H‘] X [OH']) is a constant and equals 10-^^ gram ions 
per litre.^ Now, in a neutral solution [H’j = [OIF] ; hence 
the [H‘] and [OH'] will each be 10"’ gram ions per litre. 

When a solution is made alkaline by the addition of hydroxyl 
ions, the [H‘] will decrease as the [OH'] increases, and the 
product [H*] X [OH'] remains constant. Thus if [OH'] 
increases to (where x is a positive number), [H*] will 

decrease to 10"”’“^. Clearly, as a solution becomes increasingly 
alkaline, the [H‘] increasingly diminishes. Hydrogen ions, 
however, will always be present even in very alkaline solutions, 
and it is possible, therefore, to express alkalinity in terms of 
the [H‘] of the solution. We may define an alkaline solution 
as an aqueous solution that contains less than 10“*^ gram ions 
of hvdrogen per litre. For example the [H] of N/lOO sodium 
hydroxide is 1*02 X 

The [HI of an alkaline solution depends upon (a) the con- 
centration of alkaline substances present (thus the [H] of 
normal sodium hydroxide is 1-2 X i.e., it is considerably 

less than that of decinormal sodium hydroxide), {h) the pereent- 



1 The sap of the higher plants is usually acid, but the solutions in the 
environment are frequently neutral or alkaline.^^ ^ ^ 

2 We note here that temperature has a slight effect on [11 J, 
ionization of water increases with temperature. Thus at 40 t., j x 

[OH] , , 
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age dissociation of the dissolved bases (thus sodiiini hydroxide, 
i I, being strongly dissociated in solution, is a strong base, and 

ammonium hydroxide, being feebly dissociated, is a weak base), 
and (c) the presence of buffer substances {e.g,^ an alkaline salt of 
a weak acid, such as sodium borate) that resist the ionization of 
i an added base into hydroxyl and other ions. 



The measurement of hydrogen-ion concentration anti its 
expression in terms of pH» The hydrion-concentration of any 
solution may be directly measured with the hydrogen electrode 
or the qiiinhydrone electrode (for details, see Small, 133). The 
numbers that have already been given for the hydrion-concen- 
tration of various acid and alkaline solutions have been arrived 
at by these electrical methods. In the range that interests us, the 
hydrion-concentration always works out at a number multiplied 
by a negative power of 10. These awkward negative indices 
ma}^ be avoided by using a notation introduced some years ago. 

If we let pH (a sytnbol, not p multiplied by H) stand for the 
logarithm of (1/[H*]), we may express ever}*' hy dr ion-concentra- 
tion in terms of pH. Thus, the pH of a neutral solution is log 
(I/IO”"^), that of an acid solution is log (1/10*^) where is a 
positive number, and that of an alkaline solution is log (I/IO'^^"*’) 
where y is a negative number. It follows that the pH of a 
neutral solution is 7, that of an acid solution is less than 7, and 
that of an alkaline solution is greater than 7. It should be 
carefully noted that as the acidity increases the pH decreases, 
while the pll increases as a solution becomes increasingly alka- 
line. It will be also seen in table XV that the pH of a strong 


Table XV. pH values of hydrochloric and acetic acids and 
of sodium hyd7vmde at different normalities.. 


Xormality. 

Hydrochloric Acid. 

Acetic Acid. 

Sodium Hydroxide, 

N 

OTO 

2-37 

■ ■ 14-05 

N/10 

1-07 

2-87 , 

13-07 

N/lOO 

2-02 

3’37 

12-12 

N/1000 

3*01 

3*87 

11-13 

N/10000 

4-01 
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acid of given normality is less than the pE. of a weak acid of 
the same normality. 

The pH values of many aqueous solutions containing mix- 
tures of two or more substances, each in known concentration, 
have been determined by means of the hydrogen electrode. 
Clark {33) and others have tabulated the results and given 
instructions for the preparation of solutions of any desired pH 
values between one and twelve.^ These are usually buffer 
solutions containing a salt of a weak acid. For example, a 
0*908 per cent, solution of KH2FO4 has a pH value of about 
4*5, and the pH of a solution of 1*19 per cent. NaHP 04 * 2 H 20 
is about 9*2. Buffer solutions of pH values intermediate 
between these two extremes may be obtained by mixing the 
two solutions in different proportions. For instance, measure- 
ments with the hydrogen electrode show that the solution 
obtained by adding 9*90 ccs of the solution of the alkaline 
sodium salt to 0*10 ccs of that of the acid potassium salt has 
a pH value of 8*17, while that obtained by adding 9*90 ccs of 
the solution of the acid potassium salt to 0* 10 ccs of that of 
the alkaiind sodium salt has a pH value of 4*98. Buffer 
solutions are not produced when pure salts are dissolved in . 
water, for the addition of a drop of acid or base shifts the pH 
bv several points. But the mixture of the acid potassium salt 
and the alkaline sodium salt shows strong buffer action in a 
range of pH that is of great interest to botanists. 

If we are furnished with standard buffer solutions it is a 
simple matter to determine by means of the indicator method the 
pH of expressed plant-sap, soil-solution, or any other Ikpiid. 

A fact that is familiar to all who have titrated acids with 
bases is that the end-points with different indicators are not 
exactly the same. The reason for this is that different indicators 
change colour at different values. For example, methyl- 
orange changes from pure red to pure yellow between the pH 
values of 2 and 5, while phenolphthalein does not become rose 
tinted until a pH value of 9 is reached. Further, a given indi- 

1 Standard buffer solutions may be bought from several firms in tins 
' country, ' , . , . . ■ ■ _ . 


p'' I '/' 


; 





452'““' APPENDIX II 

cator, such as methyl-orange, is variously tinted in solutions of 
pH values that are intermediate between those of solutions in 
which the colours are pure. Thus methyl-orange is orange-red at 
pH S and orange at pH 4. The market at the present day 
offers a wide choice of indicators that show a gradual change 
of colour over yarious narrow ranges of pH (see table XVI). 

Table XVL 


Name of Indicator. 

Colour Kange. 

Eaiige of pH. 

Thymol-blue (acid range) 

Red-yellow 

1 •2-2-8 

Brom-phenol-blue . . 

Yellow-purple 

3-0-4-6 

Brom-cresol-green . 

Green-blue 

8-8-5-4 

Methyl-red . . 

Red-yellow 

4-2-6-8 

Brom-cresol-purple . ■ . 

Yellow-purple 

5-2-6-8 

Brom-thymol-blue . 

Yellow-blue 

6-0-7-6 

Phenol-red .... 

Yellow-red 

6-8-8-4 

Thymol-blue (alkaline range) . 

Yellow-blue 

8-0-9-6 


A hypothetical example will show how the indicator method 
may be used to determine the pH of any liquid. Let us suppose 
that a yellow colour results wdien a few drops of thymol-blue 
are added to the liquid. This would prove that the pH lies 
between 2*8 and 8*0. We might then proceed to narrow the 
limits in several ways. Let us assume for the sake of sim- 
plicity that brom-phenol-blue and brom-cresol-gi'een are respec- 
tively coloured purple and green in the liquid. The pH of the 
liquid would then be in the neighbourhood of 4. By carefully 
observing the necessary precautions (see Small, 133), we may 
now determine the value of the pH to OT. The principle 
governing this final step in the indicator method is that the pH 
of the liquid under experiment will be the same as the known 
pH of a buffer solution that gives the same tint with brom- 
phenol-blue, brom-cresol-green, or some other indicator that 
serves over the pH range 3^5 to 4*5. 

The indicator method has been adapted by certain investi- 
gators {e.g.f Small, loc. cit) for the direct determination of 
the pH of plant-tissues. Various indicators are applied exter- 
nally to sections of plants, and for each indicator the that 
develops is matched by a colour standard of known pi? value. 
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Anthocyanins have been described as natural indicators, 
since many anthocyanins change colour when the pH of the 
solutioiis in which they are dissolved alters. In recent vears 
it has been shown, however, that the effect of co-pigments at 
times dominates that of hydrion-eoncentration upon the colour 
of these pigments (p. 412). 

The buff er capacity of solutions and the buffer •-indeQC. 
Buffer-systems resist changes in pH. Thus by using a suitable 
indicator brom-phenol-blue) we can show that a drop or 
two of dilute acetic acid will cause a considerable diminution in 
the pH of pure water, but that several cubic centimetres of the 
acid must be added to bring about the same shift in a molecular 
solution of sodium acetate. 

I'he buffer-capacity of cell-sap, soil-solution, or any other 
liquid, can be expressed by a number, the buffer-index. A solu- 
tion has a buffer-index of unity when the addition of one gram- 
equivalent of a strong acid or alkali shifts the pH of one litre of 
the solution through one unit. In general it may be said that the 
amount of shift depends upon the nature and concentration 
of the buffer. Comparative values of the buffer-capacities of 
different solutions may be obtained by determining with the 
hydrogen electrode or with the aid of indicators, the number of 
gram-equivalents of acid (or alkali) that must be added to 
equivalent amounts of a solution to produce unit change in pH. 
In this way buffer-index values are obtained for solutions of 
known composition, cell-sap, etc. (for details, see Small, loc. cit). 
Experiments have shown that for each buffer-system there is a 
definite range of pH over which significant biiffer action is 
shown. Of the substances present in cell-sap, it appears that 
phosphates and bicarbonates show marked buffer action in acid 
solutions of greater than 5, and that the salts of vegetable 
acids are the chief contributors to the buffer action of the more 
acid saps, . 

D. The Diffusion of Dissolved Solute Particles 

The fact that solutes diffuse in liquid systems is easily 
demonstrated by placing a solution containing a coloured 
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^kifexample, copper sulphate or eosin) on a gel of ten per 
^.?if£!g'elatin. The use of a gel precludes convection currents. 
Experiments have shown that solute molecules and ions diffuse 
from regions of higher to regions of lower concentration until the 
concentration becomes uniform in the body of the solution^ 
For a given substance the average rate of diffusion over a dis- 
tance L from a region where the concentration is to another 
where the concentration is ^2 is proportional to 
rate increases directly with increase of temperature. 

Different substances diffuse at different rates, under the same 
external conditions. Acids and alkalies (strictly hydrogen ions and 
hydroxyl ions), have the highest rates of diffusion ; then come the 
component ions and molecules of salts. Among the non-electro- 
lytes, the rate of diffusion decreases as the complexity of the 
molecule increases. For example, glycerol diffuses more rapidly 
than cane-sugar, and the dispersed solutes in colloidal solutions 
of polysaccharides, proteins, tannins, etc., diffuse very slowly. 

The presence of a non-electrolyte, e.g., cane-sugar, may 
appreciably reduce the rate of diffusion of organic solutes in 
water. In colloidal solutions the rate is still further reduced ; 
consequently the rate of diffusion of a given substance may vary 
in different parts of a living ceil. 

Special problems arise when we consider liquid systems in 
W’'hich membranes akin to cell- walls and protoplasts form a 
part. We recall that Graham classified solutions as colloidal 
and crystalloidal on the basis of the relative permeability of 
parchment and certain other membranes to different solutes. 
The term has long been in use to describe the diffusion 

of either a solvent or a solution (f.c., solute as well as solvent) 
across a membrane. Only water can pass by osmosis across a 
parchment membrane w^hich separates two colloidal solutions, 
but solute molecules also wall pass wdien crystalloidal solutions 
of electrolytes or non-electrolytes are used. For a single solute, 
or for two or more solutes that do not combine, osmosis of a 
crystalloidal solution continues until the concentration of the 

^ We recall, however, that at equilibrium the concentration at inter- 
facial boundaries may differ from that in the body of the solution. 
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various solute particles becomes the same throughout the 
system, i.e., the final state is the same as that which is attained 
when the membrane is not present, although, of course, equili- 
brium is reached more slowly. For example, when a solution 
of glucose is placed inside a permeable parchment membrane 
(fig. 52), and a solution of sodium chloride outside the mem- 
brane, glucose molecules diffuse out {ewos^nosis), and sodium and 
chlorine ions diffuse in {endosniosis), until the concentrations of 
glucose and of sodium and chlorine ions become the same inside 
and outside the membrane. 

The system that gives rise to what is termed the Donnan- 
equilibrium ^ is of biological interest. Let us suppose that 
inside a membrane there is a colloidal solution of an electrolyte, 
such as a protein PY, and outside a crystalloidal solution of a 
salt MX. Initially, inside the membrane we have PY P* 
+ Y', and outside the membrane MX ^ M‘ + X', Water is 
slightly ionized, HgO H‘ + OH'. The membrane will be 
permeable to the following ions ; M‘, X', Y', and H‘ and OH'. 
It will be impermeable to P*. In this system equilibrium cannot 
be reached by the migration of diffusible ions until such ions 
become distributed in equal numbers on the two sides of the 
membrane, since such a distribution would leave free electrical 
charges on the indiffusible protein ion. Equilibrium may, 
however, be reached in several ways depending upon the 
relative affinities of P‘ and M' for X' and Y', and upon the parts 
played by H* and OH'. For example, Y' in diffusing out may 
either be accompanied by positively charged ions of M', H*, or 
both of these ions,^ or be replaced on the inside by the inward 
diffusion of X', OH', or both of these ions.^ It appears that at 
equilibrium there may be a greater number of ionized particles 
per unit volume inside than outside the membrane. As colloidal 
ions occur in all plant-cells it is probable that Donnan-equiiibria 

1 For a clear account of the Donnaii-equilibrium and for references to 
original papers, see Gortner (5(?). 

^ The exosmosis of H* would make the external solution acid, and tlie 
Internal solution would contain an excess of OH', It would therefore be 

^^^3^The endosmosis of OH' would make the internal solution alkaline, and the 
external solution would contain an excess of H% It would therefore be acid. 



Fig. 54.— a strong solution of 
tannin is placed inside the 
parchment membrane, and 
a weak solution of ferric 
chloride outside. The 
latter is erystalloidal, and 
the former colloidal. Ferric 
chloride diffuses across the 
membrane, and combines 
with tannin to form an ink. 
Such removal of the difcs- 
ing solute maintains a 
diffusing gradient, and, if 
excess of tannin is used, the 
outside solution finally be- 
comes free from ferric 
chloride. McCullagh per- 
formed a similar experi- 
ment, but removed the 
diffusing solute by adsorp- 
tion. She placed dilute 
acetic acid outside the 
membrane, and a suspen- 
sion of animal-charcoal 
inside. 


contribute, ■ in , lietermining the 
distribution of ions among . neigh- 
bouring cells ill a plant and 
between plants and their environ- 
ment. 

Other syste,ms of great, interest 
to biologists are those in which the 
diffusing solute, after passing 
across a membrane, either com- 
bines chemici|lly with (fig. 54) or 
is adsorbed on the surface of 
another substance inside the mem- 
brane. In either system, when the 
substance inside the membrane is 
I’elatively in excess, a concentration 
gradient will be maintained until 
the diffusing solute is entirely 
removed from the system. Even 
with relative excess of the diffusing 
solute, the final concentration of free 
solute molecules would be less than 
would have been found in the absence 
of the substance ivith which it com- 
bines chemically, or on which it is 
adsorbed, after endosmosis. 

Parallel systems occur in living 
plants. For example, during growtli, 
newly formed cells by simple absorp- 
tion remove diffusible nutrient sub- 
stances, and thereby maintain 
diffusion gradients. When adsorp- 
tion occurs as well, the gradients 
are steepened. Diffusion is also pro - 


moted when the diffusing substance 
undergoes metabolic change at the end of its path. Important 
are cited elsewhere (p. 70 ) of equilibria which, owing 


456 


APPENDIX II 


APPENDIX II 


457 


E« Osmotic Pressure 


Early in the last century it was observed that sporangia of 
salt-water algae increase in volume and burst when placed in 
fresh water. This observation led to investigations on the eon- 



FiG. 55.-~The development of 
hydrostatic pressure as a 
result of the passage of 
water across a parchment 
membrane containing a 
strong solution of cane- 
sugar, leads to a rise in the 
level of this solution. 



Fig. 56.— Tbe develop- 
ment of hydrostatic 
pressure as a result 
of the passage of 
water across a closed 
parchment mem- 
brane containing 
cane-sugar, leads to 
an increase in turgor, 
and finally the mem- 
brane bursts. 


ditions that govern the passage of water across membranes. It 
was found that a hydrostatic pressure is always temporarily 
developed when a parchment membrane or anunal bladder 
enclosing a solution, is placed in pure water (see figs. 55 and 56). 
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The temi osmotic pressure was introduced to describe the 
maximum or equilibrium value of this hydrostatic pressure 
produced by osmosis. 

Quantitative work was performed with a variety of solutes 
and membranes^ and suggestive results were obtained. For 
instance, it was found that for a given solute and membrane^ 
the osmotic pressure was governed by the initial concentration 
of the solution inside the membrane. It appeared, however, 
that the permeability of a membrane to the dissolved solute 
was also an important governing factor. Experiments with 
membranes of animal bladder showed that, at the outset, water 
tends to pass in, while the outward diffusion of solute particles 
tends to equalize the concentrations of the solutions on the two 
sides of the membrane.^ The fundamental fact was thus appre- 
hended that a membrane permitting the passage of water only, 
a perfect semipermeahle membrane^ must be employed in 
order to measure the true osmotic pressure of a solution. 

It was known that parchment or animal membranes are 
semipermeable towards colloidal solutions, but chief interest 
resided in the osmotic pressure of crystalloidal solutions, 
towards which such membranes are permeable. Traube (1867) 
made the important discovery that membranes of copper ferro- 
cyanide are semipermeable towards many crystalloidal solu- 
tions 2 and Pfeffer applied this knowledge when he prepared a 
rigid semipermeable membrane for the measurement of osmotic 
pressure. Pfeffer placed a solution of copper sulphate inside 
and of potassium ferrocyanide outside a porous pot. Both 

^ The membranes in living cells are probably not perfectly semiper- 
nieable for any solutes of ciystalioidal solutions" so the existence of the 
two tendencies mentioned above must always be kept in mind when con- 
sidering the relations of living ceils towards water and solutes. 

2 Traube’s artificial cell may be prepared by placing a crystal of copper 
chloride at the bottom of a vessel containing a five per cent, solution 
of potassium ferrocyanide. There is thus produced a strong solution of 
copper chloride within a semipermeable membrane of copper ferrocyanide, 
outside of which is a weak solution of potassium ferrocyanide. The two 
solutions remain quite distinct, but water passes from the outside into the 
strong copper chloride solution. This is indicated by the increase in the 
volume of the solution inside the membrane, which is stretched and may 
break. It is, however, at once repaired by the production of more copper 
ferrocyanide. Odd-looking growth-forms are often produced. 
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solutes diffused into the capillaries of the pot, and, on meeting, 
combined to form copper ferrocyanide. The copper sulphate 
did not diffuse to the outside, nor did the potassium ferrocyanide 
reach the inside of the pot, i.e., the porous pot impregnated with 
copper ferrocyanide in addi- 
tion to being rigid, was 

semipermeable towards these ■ ' *” T" , 

crystalloidal solutions. Using Q 

an ' experimental system ■ 

similar to that illustrated 

in fig. 57, Pfeffer measured T 

the osmotic pressure of 1 1 11 ..'.'17"’ 

crystalloidal solutions of I*® 7 1'' 

other solutes cane- « || || 7 I® 

sugar) that did not penetrate I "I I ' 

the copper ferrocyanide I Ij 11 " ■ ' 

membrane, Ih | l-y 7; T" 

We may define osmotic 1 urilMfc ~~ 7” 

pressure as the equilibrium ' “pIHlB" 
hydrostatic pressure produced “ ^ I 

by the osmosis'^ of water into ■ - _ . . t ^ 

a solution placed in a perfectly - I ” 

semipermeable membrane, — — .. “ ■ j 

surrounded by pure solvent, ■'[ 

.Pfeffer’s results, and those 
of later workers, have shown 

•f'liQl' "hTiA 'nT*incir># 5 l factor in Apparatus for iiicasuring 

that the principal lacroi in pressure. The solution is 


determining osmotic pres- 
sure is the number of 
particles (whether ions, 
molecules, or mieelhe) present 
in unit volume of the 


placed in a porous pot impregnated 
with copper ferrocyanide, and pure 
solvent is placed outside. The pres- 
sure is measured by means of the 
manometer, and the osmotie pres- 
sure is the maximum pressure 
observed. 


1 We note that according to this definition osmotic pressure does not 
cause osmosis but develops as a result of osmosis. When we say that a 
solution in a glass bottle has an osmotic pressure of ffi atmospheres, we 
mean that were it placed in a perfectly semipermeable membrane with 
pure solvent outside a hydrostatic pressure of a atmospheres would be 
developed. : ■ 
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solution.^ Thus for soiutions of any given substance 
it has been found that at constant temperature the osmotic 
pressure is approximately proportional to the percentage 
concentration in grams per unit volume of solvent. For example^ 
in one experiment with cane-sugar solutions of different con- 
centrations the osmotic pressure in centimetres of mercury was 
54 for one per cent, sugar, 102 for two per cent, sugar, 208 for 
four per cent, sugar, and 308 for six per cent, sugar. Solutions 
of different substances (other than isomers) in the same per- 
centage strengths developed different osmotic pressures. For 
example, the following osmotic pressures were found for one 
per cent, solutions: cane-sugar 47, dextrin 17, potassium 
nitrate 178, gum 7. 

Now the molecular weight will in the first place determine the 
number of particles which will be present in a one per cent, solu- 
tion of a substance. The larger the molecular weight, the 
fewer will be the number of molecules (or micelhe) present. It 
is therefore easy to understand why, for a given concentration, 
lower osmotic pressures are developed for colloidal solutions of 
dextrin and gum — -substances possessing high molecular w^eights 
—than for a crystailoidal solution of cane-sugar. Fuidhermore, 
when the solute is an electrolyte, the number of particles is 
increased as a I'esult of the dissociation of molecules into ions. 
Thus the high osmotic pressure of the crystailoidal solutions of 
potassium nitrate may be attributed to the small size of the 
molecule of this electrolyte, and to the dissociation of some of 
the molecules into potassium and nitrate ions. 

These conclusions are of great importance in the considera- 
tion of the water relations of living cells (chap. TV, section A), for 
they permit us to infer that metabolism may bring about great 
changes in the osmotic pressure of the vacuolar sap in a given 

1 Temperature is also a governing factor, but its effect on the osmotic 
pressure of cell-sap is comparatively slight. For dilute solutions the 
relationship between osmotic pressure (P) and concentration (C) and the 
absolute temperature (T) may be summarized by the equation P = RCT 
where R is the gas-constant. This implies that the gas-hws hold for dilute 
solutions, and that the osmotic pressure of a solution is equal to the gas 
pressure that the solute particles would exert if the solvent were suddenly 
annihilated, and the volume remained unaltered. 
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cell, without the introduction of fresh particles from outside* 

Thus the complete hydrolysis of a one per cent, solution of a 
condensate {R)„ a polysaccharide) leads to an %-fold 

increase in the number of particles, and, consequently, to an 
ti-fold increase in the osmotic pressure. Moreover, should the 
metabolism of a substance that is not an electrolyte lead to the 
production of an electrolyte {e,g., an organic acid), a further 
increase in osmotic pressure will be brought about by the 
ionization of the metabolic products* On the other hand, the 
osmotic pressures of one per cent, solutions of simple sugars, * ' 

amino-acids, etc., decrease when condensations take place. i j 

The osmotic pressure becomes exceedingly low when the mole- 
cules or molecular aggregates reach colloidal dimensions, and a 
further reduction occurs when a condensate goes out of solution 
and forms solid grains. 

For solutions of different substances it may be stated that at . 

constant temperature equal volumes of dilute solutions con- 
taining the same number of particles will develop the same 
osmotic pressure when placed in a perfectly semipermeable 
membrane with the pure solvent outside. We describe solu- 
tions as isotonic solutions when they have the same osmotic 
pressure. When solutions have different osmotic pressures, 
that with the higher is said to be hypertonic, and that with the 
lower hypotonic with respect to the other. 

It has been calculated that the molecular weight in grams 
(one gram molecule) of any substance contains 6*06 X 10^® 
molecules. Equimolar solutions ^ will contain the same 
fraction of this huge number of molecules, and hence, for non- I 

electrolytes, the same number of particles. And, broadly, it is 
true to state that experiments have shown that equimolar 
solutions of non-electrolytes are isotonic.® Thus 84-2/<a per 
cent, cane-sugar (molecular weight = 342) and 18-0/a per cent. 

1 The molecular weight in grams is dissolved in one litre of solvent, in a 
weight-molar solution, and in one litre of solution, in a volume-molar 


2 It should, however, be noted that the differential effects of several 
factors, c.g., the mutual attraction of dispersed molecules, bring about 
differences when strong equimolar solutions are compared. 
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glucose (molecular weight = 180) — where a would be 1 for a 
molar solution, 2 for a 0*5 molar solution, etc. — are isotonic. 
The osmotic pressure of dilute solutions of non-electrolytes 
may be approximately calculated from the relation arrived at 
by the application of Avogadro’s law for gases to such solutions, 
viz., that a solution containing the molecular weight in grams 
dissolved in 22-24 litres will at 0° C. have an osmotic pressure 
of 1 atmosphere, which is equal to the pressure exerted by 76 
cm. of mercury. For instance, 0*1 molar solutions of cane-sugar, 
glucose, and other non-electrolytes, have, approximately, 
osmotic pressures of 2-2 atmospheres at 0*^ C. 

Solutions of electrolytes have higher osmotic pressures than 
those of equimolar solutions of non-electrolytes. The osmotic 
pressure of a 0-1 molar solution of potassium nitrate (mole- 
cular weight 101) is considerably greater than 2-2 atmo- 
spheres ; how much greater will depend upon the degree to 
which the molecules are dissociated into ions at this molar 
concentration. Taking a general case, let us suppose that in a 
given molar strength of solution ^ x per cent, of the molecules of 
a dissolved electrolyte, MX, are dissociated according to the 
equation 


Then, if the osmotic pressure of an equimolar solution of a non- 
eleetrolyte is P, that of the electrolyte will be (1 + ir/100)P. 
Thus were 80 per cent. MX dissociated in a 0-1 molar solution, 
the osmotic pressure would be approximately 1*8 X 2-2 
atmospheres. 

For certain purposes a number termed the isotonic coefficient 
is conveniently used to indicate the relative magnitudes of the 
osmotic pressures of equimolar solutions of different substances. 
At the present day the osmotic pressure (Pg) of the solution of 
the substance under investigation is compared with that (P;^) 


^ It should be noted that the degree of dissociation of a gi ven electrol}i:e 
increases as the concentration is decreased. For potassium chloride solu- 
tions at 0° C., the percentage dissociation is 86 when one gram molecule is 
dissolved in ten litres of water, and 95 in a solution ten times more 
dilute. 
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of an equimolar solution of cane-sugar.^ As a standard the 
isotonic coefficient of cane-sugar is taken as 2; that of the 
other substance will then be The isotonic coefficient 

of a non-electrolyte works out at 2 {le., it is the same as 
that of cane-sugar) when it is determined by physical methods. 
For electrolytes, however, higher values are obtained; how 
much higher depends on the molecular structure of the sub- 
stance and the mode and degree of ionization at the concentra- 
tion used . F or example, in a 0 T molar solution the isotonic coeffi- 
cient of potassium nitrate was found to be just over S, that of 
normal potassium sulphate approximately 4, and that of potas- 
sium citrate just over 5. Here the principal governing factor 
appears to have been the maximum number of ions that can be 
formed by the dissociation of a single molecule ; for KNO^ can 
give two ions, three, and K-jCgHgO^ four. For any elec- 

trolyte, however, we recall that the degree of dissociation, ir., 
the percentage number of molecules that are dissociated, varies 
with the concentration. Consequently, the isotonic coefficient 
is not a constant that can be evaluated by measurements for a 
single concentration of a given electrolyte, but must be deter- 
mined experimentally for each molar strength that is to be used. 
The numbers obtained from determinations of isotonic coeffi- 
Me7Us by plasmolytic ^netliods represent the relative plcmnolytic 
: powers of isotonic solutions (p. 58). Cane-sugar solutions are ’ 

1 Direct determinations of the osmotic pressure of cane-sugar have been 
made with great care over a wide range of concentration (for table see 
Small. 734). From the tabulated figures we can arrive at the osmetic 
in’essures of solutions of known molar strengths of other substances. Direct 
determinations of osmotic pressures are difficult to make, so measurements 
are made of some other magnitude, such as the lowering of freezing pomt, 
raising of boiling point, or lowering of vapour pressure, that is a function 
of the osmotic pressure because it also depends upon the number 
tides dissolved in unit volume. We can thus determine by expennient the 
molar strength, aU, of a solution of an electrolyte (say), that is isotome 
with bM solution of cane-sugar, and of an solution that is isotonic with 
a bM solution of cane-sugar, etc. We thus arrive at the osmotic pressums 
of the electrolyte in solutions of different molar strengths, and can then 
compare the osmotic pressures of equimolar solutions of the elect 
of cmie-sugar, i.e.\ get a number for the isotomc coefficient of the electrolyte. 

C^^ne-suiar solutions serve also for the determination *«; 

efficients by plasmolytic methods because the molecules of this solute 
penetrate protoplasm very slowly. 
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Xigain taken as standards for comparison (see footnote, p., 462). 
There are several methods which may be used.. For a given 
tissue we may find the molar strengths of solutions of different 
substances that cause fifty per cent, of the cells to become 
plasmolyzed. -Or, we may first plasmol^^ze the cells in a solution 
of cane-sugar of known molar strength, and then transfer the 
cells to solutions of known strengths of other substances. That 
solution ill which the volume of the cell-sap enclosed in the 
protoplast of the plasmolyzed cells remains unchanged, will be 
isotonic with the cane-sugar solution that in the first place 
caused piasmolysis. Clearly, isotonic coefficients can be calcu- 
lated from the results of such experiments. Curved strips cut 
from the inflorescence stalk of the dandelion also provide suit- 
able material for experiments.^ Solutions of different substances 
that cause no change of curvature may be regarded as appar- 
ently isotonic. Or curved strips may be made less curved by 
immersing in a hypertonic solution of cane-sugar, and then 
transferring to solutions of other substances. That solution in 
which the decreased curvature does not alter will be; isotonic 
with the solution of cane-sugar that brought about this deerease. 

When the protoplasts in the cells act as truly seniipermeable 
membranes, permitting neither the endosmosis of the solut 'ss 
in the bathing solution nor the exosraosis of the solutes in the 
cell-sap, the isotonic coefficients as determined by plasmolytic 
methods will be the same as those determined by physical 
methods. It often happens, however, that the protoplast is 
not truly semipermeable towards the solute in the bathing 
solution, and the difference observed between the isotonic 
coefficients as determined by physical and plasmolytic methods, 
then serves as a valuable index of the permeability of the 
protoplast to the solute. 

^ In the intact peduncle the epidermal layer is stretched and the turgid 
parenchyma of the cortex and pith are in a state of compression. Cut strips 
take on a curvature as a result of the release of tissue-tensions. The 
epidermal cells contract and the parenchyma expand. Curvature increases 
in water or in weak hypotonic solutions, owing to the endosmosis of wate! 
into the parenchyma. In hypertonic solutions exosmosis occurs, anc 
curvature decreases. No change of curvature is seeii when the externa 
solution is slightly hypotonic with respect to the cell-sap in the parenchyma 
i.e.f when Pe = P — T (see p. 54). 
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* 284-5, 293, 298, 375, 382, 388 
ricinoleic, 386-7 
saccharic, 389, 398 
salicylic, 390 
stearic, 386, 414 
suberolic, 393 

succinic, 171, 203, 208, 213, 295- 
6, 389 

tartaric, 171, 183, 262, 389, 394, 
398 


tricarballylic, 389 
unsaturated, general, 208, 386 
uroiiic, 187, 195, 263 
vegetable, general, 169, 171, 176- 
7, 187, 252, 263, 398, 434, 446, 
448,453 ■ 

Acids, dissociation of, 446 
Activation, by light, 238, 241-2 
by protoplasm. See Biochemical 
change. 

Acyloin, 189 
Adaptation, 303-4 
Adenine, 421-2 

Adhesion, forces of, 119-20, 122-4 
Adonitol, 372 

Adsorption, 17, 21, 27, 42-3, 65, 68-9, 
80, 89, 289, 436, 443-5, 448, 456 
Aesculetin, 391, 406 
Aerobes (aerobic plants), 6, 250 
After-ripening, 312 
Ageing, changes during, 61 
Alanine, 190, 423-5 
Albumins, 426-8, 431, 438 
Alcohols, in general, 169, 185, 189-90, 
196, 371-3, 375-81, 383, 386, 393, 
404, 434. See also Ethyl alcohol. 
Aldehydes, in general, 169, 189, 375, 
379-83, 393, 403-4, 434. See also 
Acetaldehyde and Formaldehyde. 


Aidoi, 189,382 
Alizarin, 406 

Alkaloids, 170, 172, 178, 180, 187-8, 
420 

Aliirl alcohol, 371-2 
isothiocyanate, 184, 371, 405 
sulphide, 188, 371, 405 
Aluminium, 78, 168 
Amide-plants, 203 

Amides, 32, 62, 75, 77, 128-9, 138, 
170, 172, 184, 202-6, 414^ 429-30 
Amines, 170, 184, 188,414-16 


Amino-acids, chemistry and list of, 
422-4 

metabolism of, general, 75, 186, 
192, 203, 209; 289 ' ' . ' 

in protein synthesis, 179, 185, 
196, 202, ^7, 420 
oecurrenee, 10, .138,. 169, 172, 

176 

physical properties of, 226, 422, 
427, 434, 446, 461 
production of, by hydrolysis, 31-2, 
77, 186, 195-C 206, 425-6, 
429 ' 

, by synthesis, 187-8, 190, 202-4 
translocation of, 62, 128-9, 138, 
176, 203, 221 

Ammonia, 32, 76, 79, 164, 188, 190-3, 
203, 425, 429 

Ammonium salts, 75, 77, 138, 179, 
184, 202-4, 207, 253 
Ampholytes, 43, 422, 427, 431 
Amygdalin, 30, 170, 194, 216, 404-5 
Amyl alcohol, 371 
esters, 195, 211 
Amylohemicellulose, 403 
Amylopectiu, 29, 402-3 , 

Amylose, 29, 402-3 
Anabolism, general, 45, 179-80, 182, 
184-96, 197, 199, 240, 299 
oxidative, 284-6 
Anatomical systeiAs, 304-7 
Animals, enzy.mes, etc., in cells of, 37, 
40,291-4,297 

resj)iration of, 142, 249, 279, 285, 
287 

Antagonism, 64-5 

Anthocyans (anthocyanins and 
anthocyanidins), chemistry of, 
169, 191, 406, 408-13 
colours of, 411-13, 453 
, co-pigments for, 412-13, 453 
formation of, and oxygen-uptake, 
263 

and temperature, 170, 303 
functions of, 178-9 
occurrence, 172 

permeabiiiW of protoplasm to, 
51,63,65 

synthesis of, 185, 187, 204, 4-il . 
Anthracene, 406 
Apigenin, 408-9 

Apple, browning of, after injury, 63, 
,'■148-9, 212, 264, 288.,,,. 
chemical constituents . and general 
metabolism of flesh-tissue of, 
208-12, 218, 284, 389 
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Bacteria, 37, 75-7, 250, 253, 279, 293, 
418 

Balance between ions, 8, 20, 62, 65, 
82, 166, 313 
Balsams, 376 
Barium, 168 
Bark, 112, 132, 134-9 
Beetroot, experiments on, 7, 8, 55, 59, 
63,65 

Beggiatoa, 253 

Benzaldehyde, 30, 189, 380-1, 405 
Benzene, 190, 372-4, 406, 414-15 
compounds of, 226-7. See uUo 
Aromatic compounds. 

Benzyl alcohol, 374, 380 
Betaine, 184 
Bicarbonates, 74, 79, 453 
Biochemical change, types of, general, 
182-96, 405, 418 
activation, 183, 273, 285-6, 
288-90, 295, 397 
■ addition, 188 
amidation, 190 
amination, 190 
condensation, 184, 187, 189- 
96, 200-2, 219, 221, 227, 


Apple, comparison o! anaerobic and 
aerobic respiration of, ' 273, 275- 
80 

composition of internal atmosphere 
' of, 147-8 

ethylene and the climacteric phase 
in ripening of, 210, 371 
gas-storage of, 267 
injuries to flesh-tissue of, 63, 148-9, 
213 

oxidative anabolism of, 285-6 
respiration of, 210, 254, 266, 268, 
272 

respiratory q^iiotient of, 263—5 
wax on surface of, 99, 386 
zymasis or the formation of ethyl- 
alcohol and acetaldehyde by, 148, 
211-12, 215-16, 258-60, 265, 272, 
274, 285, 297 

Arahans, 194-5, 392, 402, 438 
Arahinose, 180, 194, 392, 394, 398 
Arginine, 423-5, 430 
Aromatic compounds, 175, 185, 187 
204, 221, 228, 372-4, 390-1, 424 
Arsenic, 168 

Ash of plants, 163-4, 167-9, 171 
Asparagine, 10, 138, 172, 176, 190 
202-3, 205-7, 389, 429, 448 
Aspartic acid, 32, 190, 423-5, 429 
Assimilation, of carbon. 


386-7, 390, 393, 398, 401- 
2, 426 

deamidation, 32, 182, 190 
deamination, 34, 182, 190, 
202-3 

decarboxylation, 35, 182, 

187, 189-90, 263, 298, 388, , 
398 

dehydration, 187, 189, 193, 
194-6 

dehydrogenation, 290-2, 297, 
380, 389, 427 
esterification, 33, 196, 218 
glycolysis, 35, 182, 187, 273, 
285-7 

hydrolysis, 28-32, 48, 77, 
133,138, 168, 177, 181^, 
193-209, 214-16, 230, 267, 
271, 286, 300, 386-7, 399- 
403, 426 _ 

hydroxyiation, 192, 288 
intramolecular, 180, 183, 

218, 246 

oxidation, 36-40, 76-7, 177, 
181-4, 187, 190, 106-7, 
m 209, 212, 215, 216, 
218, 227, 249, 250 seq,, 
288-99, 379. 393, 418, 427 
oxido-reduction, 35, 38-9, 
187, 189, 291-6 


green 

plantL See l^hotosynthesis. 
r non-green plants. See 
Chemosynthesis. 


of food, 4, 299, 301, 305 
Assimilation-numher, 237 

Antolyist’^^e, 211-12, 215, 228, 232, 

272 

Antonomism, 5, 308, 330, 336-40. 
359 

Antotropism, 366-7 
Anxanometer, 317-18, 330 
Anximones, 313 ■ 

Auxins, general, 323-9 

and autotropic reversals, 3 d6-7 
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Biocbemical change, types of — cm- 
tinued 

phosphorylation, 34, 187, 

216, 287 

photorediiction, 182 

polymerization, 182, 196, 

246-7 

reduction, 35, 36-40, 76, 184, 
187-90, 214, 290, 293, 295, 
379 

substitution, 188 
Bleeding, 129 
Boron, 167-8 
Bromine, 168 

Brownian movement, 17, 73, 432, 
435-7 

Buds, sprouting of, 181, 260, 309, 
312-13, 320 

Buffers, 11, 64, 159, 412, 448, 451, 453 
Building-stones in metabolism, 185, 
187, 193, 374 


Caesium, 168 
Caffeic alcohol, 196 
Caffeine, 57, 422 

Calcium, general, 11, 14, 139, 173 
in soils, 74, 78-81 
occurrence as carbonate, 431 
citrate, 390 
malonate 388 

oxalate, 171, 174, 177, 353, 388, 
431 

pectate, 172, 177, 392 
occurrence in amyiohemicelluiose, 
403 

pectic substances, 169, 173, 392 
phytin, 375 

physical and physiological effects 
of, 20, 22-3, 57, 64-5, 74, 436, 
448 

Calories, 226, 251-3, 273 
Cambium, 299, 305 
Camphor, 376 

Cane-sugar (sucrose) as storage 
product, 176, 181 
chemistry of, 183, 396, 399, 400 
concentration of, in green leaves, 
199, 228 
in apple, 208-11 
conversion of, into starch, 218 
diffusion of, in solution, 454 
heat of combustion of, 226 
hydrolysis of, 30, 44, 184, 193-4, 
200-1, 210 


Cane-sugar (sucrose), occurrence of, 
49, 129, 136, 172, 176, 199, 207 
osmotic pressure of solutions of, 
460, 462-3 

production of, from raffinose, 44, 
401 

svnthesis of, 186, 194, 200-1, 210, 
219, 221 

translocation of, 129, 136,176, 180, 

201 , 210 

use of, in plasmoivsis experiments, 
58, 463-4 

Capillarity, 83, 115, 117, 119-20, 125 
Carbohydrates. See also mono-, di-, 
tri-, tetra-, and potysaccharides, 
and sugars. 

as food, 176, 193, 206, 305, 312 
chemistry of, 379, 393-403 
concentration of, in green leaves, 
199-201, 228-30, 271 
in vegetable foods, 171 
conduction of, 128-30, 131-3, 134- 
41, 180-1, 200-1, 209, 221 
conversion of, into fatty acids, 190, 
213 

into fats, 207, 265 
energy from oxidation of, 76, 300 
equilibria among, and stomatal 
movement, 157-9 

general anabolism of, 179, 202, 204, 
221,299-300 

intramolecular conversions of, 180, 
183, 395, 398 
occurrence, 171-2 

production of, from acetaldehyde, 
286 

fats, 205, 213, 219,' 263, 

265 

. fatty acids, 205, 213 
formaldehyde, 218, 244-8 
organic acids, 209 
in chemosynthesis, 253-7 
in photosynthesis, 142, 146, 182, 
188, 199-201, 228-30, 238, 
244-8 

respiratory oxidation of, 76, 213, 
215, 217, 221, 251-2, 257, 260, 
262-3, 266,281-8, 297 
Carbon-content, 162, 221, 260, 279- 
80, 285 

Carbon dioxide, absorption of, in 
photosynthesis, 64, 142-3, 145, 
146, 149, 162-5,180, 182, 188, 
221 - 2 ;" 225-6, 230-1, 235, 238, 
240-1, 246, 248 

as raw material, 175, 184, 188, 202 
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Carbon dioxide — continued 

concentration of, and rate of 
photosynthesis, 153, 
224, 230, 239-43 
and plant-yield, 243 
in the internal atmosphere, 
147-9, 160, 277-8 
effect of, on stomatal movement, 
158-61 

inhibiting effect of, on oxidations, 
282, 2k, 297-8 
measurement of, 222-3, 254-8 
narcotic effect of, 8, 148, 212, 259, 
267, 311, 313 

production of, in respiration, 64, 
142-3, 146-8, 160-1, 209-10, 
223, 249-73, 275-86, 298, 
305, 446 

by chemical oxidation, 398 
by decarboxylation, 35, 190, 
298, 388 
from urea, 32 

in anaerobic respiration, 264-5, 
272, 273-80, 281, 286 
in fermentation, 34-5 
in soil, 72, 75, 89 
properties of gas-mixture of 
oxygen and, 148-9, 267 
Carbon monoxide, 290 
Carnaubyl alcohol, 190, 371, 386 
Carotin, 169, 190, 231-4, 247, 377-8, 
418, 429 

Carotinolds (or Carotenoids), 184, 185, 
377-8, 388, 408 
Casparian band, 87-8, 173, 303 
Catabolism, 45, 181-2, 186, 196-7 
Catalysts, 40, 164, 244, 289, 291, 384, 
387, 398-9 

Cataphoresis, 73, 436-7 
CatecMn, 191, 406, 413 
Catechol (and compounds of), 37-8, 
297, 373, 390, 413 

Cell-division, 199, 208, 299, 305, 308-9, 
311 . 

Cellobiose, 30, 31, 399—400, 402 
Cells, enlargement of, 208, 210, 300-1, 
308, 323, 329, 333-4, 361, 363 
Cell-sap (or vacuolar sap), buffering of, 
453 . 

composition of, 21-2, 49, 66, 

171-2, 176, 180-1, 408-9, 411, 

, . 427 

osmotic pressure of, 460-1 
physical state of constituents of, 

431-2,437 

pH relations of, 412, 448-9 


CeniUose, 30, 172-5, 179, 194, 205^ 
226, 392, 402, 431 

Cell-walls, chemistry of, 170, 172-6, 
180, 211, 392, 403 
extensibility of, 300-1, 328 
growth of, 176, 179-80, 205-6, 208, 
299, 300, *305 

middle lamella of, 172, 177, 211 
properties of constituents of, 175, 
178 

solute-relations of, 21, 49, 55, 89, 
113, 146 

water-relations of, 49, 51-2, 98, 107, 
111, 120, 122-3 
Centrifugal force, 341, 356 
Chemical change, spontaneous in ceils, 
184, 191-2 

Chemical change, general types of, 
addition, 381 
amidation, 429 
condensations, aldol, 189, 
381—2 

in general, 383, 391 
deactivation, 184, 400 
deamidation, 429 
decarboxylation, 195 
dehydration, 383, 390 
esterification, 383 
hykolysis, ^3, 387, 399, 
403-5, 409, 411, 414, 418, 
424-5 

intramolecular, 398 
lactone formation, 391 
oxidation, 195, 380-1, 393- 
4, 397-8, 418 
polymerization, 245, 382 
reduction, 380-1, 393-4, 

409-10,413 

ring-formation, 191-2, 395 
saponification, 379, 3k 
substitution, 414 
Chemosynthesis, 77, 253 
Chemotaxis, 339, 345 
Chemotropism, 339, 344 
Chlorine, 11, 79, 80, 168-9 

Chloroform, effect on plant-cells of, 63, 
216,264,288 k 

Chlorophyllins, a and 5, 196, 418 
Chlorophylls, and 6, absorption of 
light by, 232-3 
alcoholysis of, 195 
chemistry of, 170, 

196, 232, 371, 378, 416-9, 

429 ■ ^ , 

concentration of, and rate or 
photosynthesis, 237, 239 
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< Chlorophylls, possible chemical role 

played ill photosynthesis by, 
246-8 

production of, necessity of light for, 

; 170,204,230-7,243 

; of carbohydrates for, 204 

; of iron salts for, 170, 243, 302 

: of oxygen for, 236 

j relative proportions of, in 

* chloroplasts, 231 

separation of, 418 
solvents for^ 388, 418 
state of, in chloroplast, 232 
Chloroplasts, general, 146 
absorption of light by, 227, 232-4, 
248 

activity of, 142-3, 146, 171, 182-3, 
231-9, 240, 243-4, 248, 305, 320 
guard-cells and, 157-9 
pigments of, 11, 231-4, 239, 245, 
377-8, 416-9, 429 
protection of, 345 

protoplasmic or enzymic- factors in, 
23*^9, 247 

starch in, 171, 199, 229, 231 
structure of, 183, 232 
Chlorotic plants, 243, 302 
Cholesterol, 378 
Choline, 185, 196, 414 
Chromium, 168 
Chromoplasts, 377 
Chrysanthemin, 410-11 
Chrysin, 408 
Cineoie, 170 

Cinnamic alcohol, 372, 374, 380 
aldehyde, 379, 380 
Citronellal, 376 ' 

Citronellol. 375-6 
Climacteric, 210 
Climbing plants, 340, 345 
Cobalt, 168 
Cocaine, 188, 421-2 
Co-enzymes, 11, 31, 44 
Cohesion, forces of, 119, 121-2, 124, 
441 

Collenchyma, 306 

Colloidal solutions, in general, 432-40 
adsorption in, 448 
diffusion of dispersed particles 
of, 464-5 

of various metabolic products, 
176, 181, 246, 390, 406, 427 
osmotic pressure of, 460-1 
physical properties of, 73-4, 
124 

precipitation of, 428 


Colloidal solutions— 

specific surface of , 44 , , 
sjmthesis of substances in, 179 , 
181 

state and chloroplasts, 232—4 
and enzymes, 40-1 
and protoplasm, 17, 45, 251 
and soils, 73-4:, 78-81 
of vacuolar substances, 176, 181, 
390 

Companion ceils, 138, 306 
Compensation point, 143, 160 
Complement, 29, 44 
Composition of plants, 167-71 
Conducting systems, 306-7 
Conduction. JSee also Diffusion and 
Translocation. 

of auxin, 324, 328, 333-4, 349, 362- 
4 

of solutes, lateral, 130, 140, 141 
across parenchyma, 93, 127-9, 
133 , 141 : ‘ 

in medullary rays, 130, 141, 306 
in phloem, 112, 131-40, 221, 306 
■ in xylem, 93, 112,. 129-31, 137, 
306 

rate of, 128-30, 132, 137, 139, 
141 

of water, general, 48, 93, 110, 112- 
26, 221, 306 
lateral, 86-9, 120 
Coniferin, 374 
Coniferyl alcohol, 374 
aldehyde, 379 
Copper, ‘168 

Cork, 91, 1434, 173, 179-80, 250, 
306, 309, 311 
Correlations, 307-11, 341 
Cortex, 174, 181 

Cotyledons, 181-2, 205-6, 236, 305, 
325 

Coumarin (and compounds of ), 46, 406 
Co-zymase, 33-4, 44, 283, 287 
Cresol, 374 
Crocetin, 377 
Crotonic aldehyde, 382 
Crystalloida! solutions, 17, 50, 65, 61, 
. 66, ■■ 138-9, 179, 181, 221, 301, 306, 
393, 427, 432-5, 441, 454, 458, 
460 

Cuticle, 91, 99, '.143-6, 173, 277, 306, 

■ 371' 

•Cutin, 65, 91, 173, 175, 177-8, 180, 
: 484-5,196, 392-3, 430 
Cuto-cellulose, , 173 ■ 
Cyanhydrms,;381," 
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Cyanides, pliysiological effects of, 42, 
236, 239, 259, 272, 279, 282, 284, 
289,292-5,297-8. 

Cyanidin, 411 
Cyanin, 410-2 

Cyclic compounds, 169, .188, 190-3 
See also Hom.ocyelic compounds and 
Heterocyclic compounds. 

Cymene, 372-3, 375 
Cysteine, 424, 427 
Cystine, 188, 423-5 
Cytoehrome, 11, 37, 45, 170, 288, 
293-8,418 

Cytoplasm, 9, 14, 234, 426 
Cytosine, 421-2 


Bry-weight, 142, 162, 167, 204-6, 217. 
221, 224, 243, 250, 254, 260-1, 268, 
279, 319-22 
Biiramen, 113 

Byes, penetration into cells, 62 


Edestin, 425 

Electric charges, 69, 436-7, 445 
Electrical conductivity, 56, 61, 64 
Electrolytes, 434, 446, 455, 460-3 
Electromotive force, 4 
Eliminating systems, 305 
Elimination, 48 
Emulsion, 432-3, 441-2 
Emulsoid sols, 18, 427-8, 436, 437-40 
Endodermis, 86-8, 303, 353 
Endosmosis, 50, 55-6, 59, 81, 455, 464 
Endosperm, 206, 305 
Energy, as necessary for anabolism, 
45 

for secretion, 86 
chemical, 4, 76-7, 226-7, 250-2 
electrical, 14, 445 

fixation of by photosynfciie.si8, 221, 
226 

free-, 249, 253, 442 
heat-, 4, 104, 227, 249, 252, 261, 303 
in various substances expressed as 
calories, 226-7 

light-, 6, 8, 94, 104, 227, 232, 236, 
238, 243, 248, 314 
respiratory, 142, 227, 236, 249-454, 
261-2, 273, 285, 299, 300, 359 
afoo Respiration, 
surface-, 442 

transfer of during metabolism, 227, 
253 

Ends, 382, 398 

Environment, 5, 6, 62-4, 167, 170, 
177-8, 184, 243, 301-4, 308, 314-8 
Enzymes, general, 24-47, 181-2, 188, 
192-3, 197, 211, 213-16, 228, 
246, 422, 425 
activators of, 11, 45, 215 
chemical nature of, 11, 27 
hydrolytic, 28-33, 181, 194 
inhibitors of, 42, 46, 215, 259, 
287, 289, 294,297-8 
migration of, 181 
oxidase, direct-, 36, 46, 2 1 2, 203, 

: ■,288,' 

oxidation and reduction, 36—40, 
177, 181, 282, 287, 288-98 
oxido-reductases (mutases), 33 -5, 


Beath-temperature, 7,20 
Belphinidin, 410 
Depside linkage, 196 
Bermal systems, 306 
Dermatogen, 173 

Bevelopment, changes occurring 
during, 4, 5, 167-8, 170, 173, 182, 
206-11, 237, 239 ' 

Dextrin, 29-30, 44, 402, 438 
Dialysis, 434-5 
Diameter-law, 106, 149-53 
Differentiation, changes occurring 
during, 173, 198-9, 301, 305> 
Diffusion, of gases, 93, 106, 142-6, 
147, 149-53, 277 

of solutes, 55, 69, 88-90, 127, 137- 
46, 175-6, 204-6, 267, 433, 453-6, 
458 

of water-vapour, 103-4, 106, 120, 
151, 178 

Diffusion-gradients, for gases, 146 
for solutes, 55, 69, 89, 90, 127-8, 
137-9, 199, 456 

Dimedon, use of, in fixation methods, 
214, 245 

Dlmyristylearbinol, 371 
Dioses, 393 

Dioxyaeetone (or Hihydroxyacetoiie), 
187, .393 

Dioxymethylene, 188 
Disaccharides {See also Cane-sugar, 
Cellobiose, MaIto.se), 29, 30, 88, 169, 

' ,. 193, 251, 393, 398-400, 401-4, 410 
Dispersions, OS, ' 432-40 
Donnan-eguilibrium, 455 
Dormancy,. 6, . 8,: 148, 267, 309, 312 
Drought-resistance, 111 ■ ■ 

Dry matte.r, comjjosition of, 168, 170™ 
1,319.. 
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Enzymes, general — contmued ■ 
respiratory, 289, 290~4, 298 
specificitT of, 30, 33, 43-5, 182-3, 
186, 2i7 

synthetic action of, 32, 41, 45, 
194-5 

list of individual, amidases, 32 
ainygdalase, 30 

amyiase (see, also Diastase), 

, 27, 29, 44, 193, 206, 272 
apo-zymase, 33-5, 44 
asparaginase, 32 
broiiieliii, 31 
carboiigase, 189 
carboxylase, 33, 35, 44, 108, 
388 

catalase, 25, 39, 43, 247, 292, 
'296 . 

cellobiase, 31 
cellulase, 30 
chioropiiyllase, 29, 195 
cytase, 30, 182, 193, 206 
deaminase, 34 
dehydrases (aerobic and 
anaerobic), 38-9, 290-6 
diastase (see also Ainvlase), 29, 
164, 182, 215-16, 22S-9 
eiimlsin, 25, 27, 30, 33, 44, 
194, 216 

erepsin, 31, 32, 205, 426 
glyeoiase, 33, 35, 44, 216, 287 
inulase, 30, 193 

invertase, 25, 27-8, 30, 33, 44, 
193 

iichenase, 30-1 

lipase, 25, 27-8, 33, 41, 44, 195, 
205,387 

maltase, 25, 30, 33, 44, 194, 
206,215, 287 
melibiase, 31, 44 
methyi-glyoxalase, 40, 284 
oxidase, catecliol-, 37-8, 295, 


297 


glucose-, 287 
indopbenol-, 37, 295-7 
maltose-, 287 
oxygenase, 38, 44 
papain, 31-2 
peetase, 173, 195 
pepsin, 15, 26, 28, 31, 205, 429 
peptidases, 31-2, 205, 426 
peroxidase, 25, 27-8, 37-8, 44, 
291, 296, 298 

phosphatase, 29, 33, 195, 283 
protease, 25, 31, 33-4, 44, 205, 

; :-:216 : . 


Enzymes, list of individtial — continmi 
protopectinase, 173 
pniiiase, 30, 44, 46, 194 
reductase, 25 
takadiastase, 229 
trypsin, 15, 28, 429 
tyrosinase, 37, 46, 192, 288 
urease, 26-8, 32, 188 
zvuiase, 25, 33-6, 44-6, 177, 
- 187-8, 212, 216, 273-4, 

281-5, 287, 297 
Epidermis, 173, 180, 306 
Epinasty, 346 

Equilibria, among carbohydrates in 
gnard-ceils, 157-61 
in mesopliyll, 201 
electrical, maintenance of, 68, 80 
ionic, in soils, 80 

resnlting from absorption of solutes, 
65-70, 90, 455-6 

Essential elements, 74, 79, 89, 164-8, 
244, 313, 316 
Esterases, 28, 218 

See aho J^jn/ynies, lipase and 
phosphatase. 

Esters, 2S, 33, 44, 169, 187, 193, 195-6, 

■ 211, 218, 370-1, 375, 378, 383, 
385-6, 3<30, 393, 403, 418 
Ether, idasiologicai eifects of, 236, 267 
Ether-lmkage, 196 
Ethoxyl gioups, 187 
Ethyl alcohol, ( heniistry and 
occuireoce of, 371. 
as dehydrating agent, 437 
oxido-reduetions involving, 36, 
187,380,398^ 
physiological eftects of, 58 
poksible metabolism of, 187, 218, 
281, 283 

production of, by yeast, 34-5, 
213-14, 283-kl: 

bv higher plants, 46, 148, 211- 
“13, 215, 258, 265,: 273-^, 
280-6, 297, 371. 

Ethylene, 371 

Etiolated plants, 243, 303, 313, 317 
Evaporation, in relation to 
transpiration, 94, 98, 100-8, 117 
pulling force set* up by, 117-18 
Exosniosis, 7, 50, 55-6, 59, 63, 65, 81, 
455, 464 

Fats, a.s anabolic end-products, 184, 
186 

; as foods, .176, 180, :305, 312, ,387 
■ chemistry of, 372, 386-8, 424 
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Fats, conversion of into carbohydrates^ 

, 205, 213, 219, 263, 265 ^ 
heat of combustion of, 226, 251 
hydrolysis of, 28, 44, 181, 195, 205, 
387 

migration of, 205 , 
occurrence of, 11, 169, 171, 174, 176, 
387 

occiirrenee with sterols, 379 
physical properties of, 375, 387-8, 
431,442 

production of from carbohydrates, 

, 207,265 

respiration and oxidation of, 181, 
204, 252, 260, 262 
respiratory quotient for, 205, 257, 
263-3, 265-6 

substances related to, 175 
synthesis of, 33, 185-6, 195-6, 207, 
386-7 

Fat-solvents. ^S'ee Lipoid- solvents. 
Fatty acids, and cell acidity, 446 

and respii'atory quotients of fats, 
262 

as electrolytes, 434 
chemistry and classification of, 
385-6 

conversion into carbohydrates, 
205,213 

derivatives of, 180 
occurrence, 385-6 
physical properties of, 385 
production of , from carbohydrates, 
190 

from fats, 28, 196, 205, 387 
used in synthesis ' of fats and 
lipoids, i85, 195-6 

Feeding experiments ,202, 217-19, 245, 
283-4 

Feeding-tissue, 178, 206-12, 305 
Fermentation, alcoholic, 2, 25, 33-6, 
44-5, 70, 189, 213-14, 258, 273, 
280-5, 297, 397 
Fibre, 171 
Fibres, 179, 250 
Fisetin, 407 

Fixation methods, 214, 245, 284 
Flavone, 406, 409 ,or 

Plavonic substances, 63, 169,. 172, 18o, 
187,191,406-8,412-3. 

Flavonol, 407, 409 
Fluorine, 168 ,■ 

Food-reserves, general, 176, 207, 26o, 
312, 403, 427 

4 mobilization . of, 177,- 181, 193, 
197, 204-6 


Food-substances, green leaves as 
manufactories of, 199, 204 
nature and sources of, 6, 74, 77-9, 
162-7, 170, 176, 178, 323 
organic, production of, from raw 
materials, 6, 48, 175-6, 305, 312 
storage of, 176, 199 
translocation of, 199, 205, 306 
jSee also Conduction of solutes, 
utilization of, 4, 179, 208, 249, 299, 
301, 305, 318, 367 

Formaldehyde, 182, 188, 198, 213, 215, 
217-18, 244-8, 379-80, 382 
Formaldomedon, 214-5, 245 
Fresh-weight. 167, 254 
Fructosans, 194-5, 402 
Fructose (active), as component of 
hexosephosphates, 35, 183, 

283, 397 

of cane-sugar, 183, 251, 397, 400 
of inulin, 397 
chemistry of, 397 
de-activation of, 184, 397 
oxidation of, 398 

Fructose (normal), activation of, 183, 
397 

chemistry of, 396-7 
concentration of, in green leaves, 
199, 228 

ill apple, 208-9, 211 
intramolecular conversion of, 183 
occurrence, 49, 171, 176 
oxidation of, 251, 398 
produced by hydrolysis, 30-1, 44, 
,400-2 

syntheses involving, 194, 218 
zymase-cleavage of, 34, 44 
Fucoxanthin, 378 
Fungi, 75, 77, 183, 250 
Furan, 396, 406 

Furanose sugars, 35, 183, 251, 396-8, 
400, 402, 406 
Fusel oils, 34 


Galactans, 30, 194- 5, 402-3 
Galactose, 30-1, 31-, 44, 180, ]S3. 194. 

218, 389, 392, 394-402, 4 
Gaseous exchanges, 48, 93, tfiia]). X, 
162, 164, 184, 222-4, 249 -<io, 
262-6, 305-6 

See also Carbon dioxide, bsul i'*els. 
Oxygen, * Photosynthesjs, 
Eespiration, hJtoinata.. 

Gels, 18, 19, 73, 83, 173, 438-9 

Hi— J 
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GeotropisBij 308, 330, 339-43, 349, 
352-4, 355, 357, 364-6 
Geranial, 375-6 
Geraniol, 21,1, 375 
Germanium, 168 

Germination of seeds, ■ delay of, 
through dormancy, 8, 312 
depressant effect of carbon 
dioxide on, 8, 267, 313 
energy liberated in respiration 
dining, 252, 261-2 
loss of dry- weight during, 319- 
20 

metal)oiisni during, 181-2, 204-6, 
215, 260, 263-6 
migration of solutes during, 128 
necessary conditions for, 8, 311-13 
Glands, secretory, 172, 305-6 
Gliadin, 425, 427, 431 
Globulins, 426-8, 431, 438 
Giucosans, 194-5, 218, 402-3 
Glucose, as a component of higher 
carbohydrates, 399-402 
of giucosides, 405, 407, 410 
chemistry of, 394-8 
eonceiitration of, in green leaves, 
199, 228-0 
in apples, 208-11 
conversion into xylose, 195, 308 
diameter of molecule of, 433 
diffusion of, in solution, 455 
lieat of combustion of, 226 
iiitramoleciilar conversion of, 183 
occurrence of, 49. 171, 176 
osmotic pressure of solution of, 462 
oxidation of, 251, 287 
production of, in photosynthesis, 183 
bv hydrolysis, 30-1, 44, 206, 399, 
‘ 400, 402 

syntheses invohdng, 33, 194, 218, 
* 391 

zymase-cleavage of, 34, 44, 273 
Giucosides, 30, 33, 44, 170, 183, 374, 
391-2, 404-5, 407, 419 
Glutamine, 190, 202-3, 205, 429 
Glutaminic acid, 423-5, 427, 429 
Glutathione, 11, 287-8, 427 
Glutelins, 426-7, 431 
Glyceric aldehvde, 187, 383, 394 
Glycerol, 28, 35, 60, 185, 187, 196, 205, 
218, 284, 286, 372, 383, 386-7, 394, 
414, 434, 454 

423, 425, 427 ' 

438 
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Glycosides, as plastic substances, 176, 
251 272 

eliemistry of, 1(>9, 170, 183, 373, 
38 J, 390, 392, 394, 399, 403-7, 
401^-11, 422 
functions of, 178 
hydridysis of, 2!h 46, 181 
occurrence of, 170, 172, 228 
sulubiiitv and precipitation of, 228, 
431 V 

synthesis of, 187, 193-5, 204 
Sec also Giucosides. 

Glyoxal, 380, 382 

Growing regions, 112, 115, 122, 125, 
128, 199, 203-4, 299, 305 
Growths hi general, Chap. XV., 
iieeessarv conditions for, 6, 49, 
91, 109, 250, 311-14 
and respiration, 254, 260-1, 266 
eliamres in dry-weight during, 
26i3, 268, 318^22 
chemistry of, 165, 179-80, 182, 
194, l'98, 200, 202, 204, 206,' 
207-10 

conduct ion of solutes and, 128 
movement and (growth- 
curvatures), 307, 324-6, 333™ 
46, 350-1, 357-60, 364-5 
Guanidine, 430 
Guanine, 421-2 
Guard-cells, 156-61 
Gum a-rabie, 194-5 
giiaiacum, 36-8 

Gums, 172, 174-5, 179, 193-6, 306, 
392, 402, 435, 437-8, 460 


Haematin, 290, 416-8 
Hsemochromogens, 11, 170, 177, 290, 
294, 417 

Haemoglobin, 433 

Half -lea! method, 225, , 260 

Halophytes, 53 

Haptonasty, 339, 346-7, 349-50, 355 
Haptotropism, 339, 345-6, 349, 355 
Heats of combustion, 226 , 
Heliotropism, 339 
See also Phototropism. 
HemieelMoses, 30, 56, 174, 176, 179, 
180, 193-5,. 205-7, 265, 402-3, 431 
Heterocyclic compounds, 190-1, 406™ 
20,424 

Hexosans, 392,. 40 1-3 
Hexosephosphates, 29, 34, 44, 216, 
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EexoseSj clieiiiistry of, 18S, Mil, 394-8 
conversion .of, into cane-sugar, 138, 
221 

into pentoses, 263 
' into starch, 219, 221 
diffusion of, 138 ^ 

gen,eral metabolism of,. 184, 187, 

. 216,227 ^ 

occurrence of, 169 
production of, in piiotosynthesis, 
219, 221, 225 

See also Fructose, Galactose, 
Glucose, Mannose. . 

Histidine^ 421, 423-5 
Homocyclic compounds. See Benzene. 
Homioaes, 310-11, 328, 367-9 
Hnmie acid, 75 

Humidity ' of air and , transpiration, 
97-8, 102-3, 110, 317 
Humus, 74-6, 79, 81, 84, 162-4. 
Hydrion-concentration, in general, 
446-53 

and absorption, 82 
and anthocyanin colour, 411-13 
and enzymes, 26, 27, 29, 41, 43, 
215 i 

and growth, 166, 311, 313 
and imbibition, 440 
and permeability, 8, 22, 62-4 ^ 
and protein behaviour, 11, 12, 22, 
4-32 

and stomatal movement, 159-61 
and the climacteric in the apple, 
210 ■: ^ ■ . 
and the viscosity of hydrosols, 
438 

of protoplasm, 20 
effect of photosynthesis on, 
159-61 

of buffers on. See Buffers, 
of respiration on, 159-61, 257, 

... . , 446 , : ^ ■ 

of plant-sap, 11, 12, ^ _ 

Hydrocarbons, 189, 37 1-^, 375-7 

Hydrogen, 163, 166, 168, 184, !i(03, 433 
Hydrogen-acceptor, 290-7, 380 
Hydrogen cyanide, ,30-2,. 4*., 46, ..^59, 

' 264-5, •■ 272, 279, 282, 284, 289, 292, 
'.^297-8,. 404, .405.'. 

Hydrogen-donator, 290, ,380 _ 

. Hydrogen peroxide, 37-9,. 43-4, 164, 

Hydrogen ' sulphide,^ ^^physiological 

effects of, 42, 2o9, 264-5, *.8-, 

'. '284, 289, 295-8,. 
produced by bacterial action, 


Hydroftuinone, 291, 373 
Hydrotropism, 339, 344 
Hypertonic solutions, 50, 57-, 59, 

464 

Hyponasty, 346 

Hypostomatal leaves, experiments 
with, 99-101, 103-4, 144, 146 
Hypotonic solutions, 54, 59, 63, 461 
Hysteresis, 439 


Imbibition, 49, 83-4, 117, 121, 125, 
129, 300, 431, 437, 439-40 
Iminazoie, 193, 416, 421 
Indiean, 170, 419 
Indicators, 56, 160, 411, 451-3 
Indigo, 419 
Indole, 192, 415, 419 
Inheritance, factors of, 5, 

314-15, 429 

Injury, and electrical conductivity 
and permeability, 61, 63 
as stimulus to growth, 309 
conditions causing, 6-8, 55, 
63-5,91,111,148,438 
correlative readjustments following, 
308 

prevention of, 203, 213 
See also Wound-stimulus. 

Inositol, 187, 374-5 
Insectivorous plants, 345-7, 349, 3o0 
Integration of activities, 307 
Intercellular spaces, 48, 143-9, 

224, 277-8, 306, 336, 431, 440 
Inulin, 30, 172, 176, 181, 193-4, 396-7 
402,435,437-8 

Iodine, 168 , . i ( 

lodoacetates, biochemical action ot, 
216 287 ' 

Iron, 11, 14, 78-9, ^ 

177, 184, 243, 288-9, 292, 392, 
413,417 _ 

Irritability, 5, 335, 337 347;00 
Isoelectric point, 11, 422, 427-5 
Isoleucine, 423-4 _ ^ 

Isoprene derivatives, 37o-9, 4no 
Isopropylalcohol, 381 
Isoauinolihe, 415, 421-2 
Isothiocyanates, 184, 37M 40.^ 
Isotomc coefficient, 58, 4():--4 
! solutions, 50, 58, 461-2 


mpf erol, 407 v 409 
Katharometer, 257 
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Ketones, 169, 189, 376, 379-83, 393, 
.403,405,434 

Kiinostat, 330, 342-3, 344, 352, 355- < , 
366 ■ 


Lead, 1§S . 

Leai-area, 97, 225, 322 . . ^ 

Leaves, ener^^v exchanges in, 6, 226-7 
inetiihoiisni of, 6, 132-8, 162, 181, 
i 00 -206, 215, 217-19, 230, 231-7, 
260, 272, 286 

Lecithins, 14, 170, 184-5, 195-6, 205, 
372, 388, 414-15, 438 
Lecithoprotein, 429 
Lenticeis, 48,: 93, 143—^1, 2 / ^ , 306 
Leucine, 226, 423-5 
Lencopiasts, 171 
Lichenin, 30, 176, 402 
Light, and auxin fomation, 325 
and germination, 311 
and Ln'invtli in length, 303, 313-18, 
329-34, 358-9, 360, 363 
and metabolism of green cells, 6, 
209, 20(>, 221-48, 271, 305 
and plant movements, 5, 339, 343- 
7, 356 -9 

and stuinatal movements, 154, 
156-61 

and transpiration, 97, 100, 103-4 
effect of, on auxins, 333-4 
intensity of, influence on rate of 
photosvntliesis, 143, 153, 223-4, 
230, 239-43 

not always necessary for synthesis, 
180, 198, 202, 204, 221 
■wave-length of, and dissociation of 
CO-hfemochromogen, 290 
and formative influences, 8, 303, 
314 

and photosynthesis, 6, 230, 233-4, 
314 

and stomatal movement, 160 ^ 

Lignin, 55, 169, 174-5, 180, 184-5, 
196,374,379, 431 
■ Lime, 74 

Limiting factor, 240-1 
: Limonene, 376 
Linamarin, 405 

Lipoid, 14, 16, 17, 21, 62, 177, 179, 227, 
238, 247, 299, 414,. 429 ■ 
LipoM-solvents, 14, '17, 20, 22, 377, 
379,388 ■ ■ 

Lipoprotein, 11, 14, 23, 205, 429 
Llthinm, 168 

408 ; 


Lycopin, 377 
Lysine, 192, 423-5 


Madder, 405-6 

Magnesium, 11, 14, 22, 34, 64-5, 78-9, 
165, 168-70, 173, 177, 184, 244, 
246, 283, 375, 392* 403, 417-19 
Malol, 371 

Maltose, 29, 30, 33, 44, 214-15, 228-9 , 
399, 400, 402 

Mandelonitrile, 183, 381, 404 
Manganese, 167, 168, 177 
Hannans, 30, 194-5, 402-3 
Mannitol, 372 

Mannose,' 30, 34, 44, ISO, 183, 194, 
218, 394-8, 402 _ 

Mass-action, 32, 384-5 
Mechanical systems, 175, 306 
i Medullary rays, 130, 141, 181, 306 
Melanin, 192 
Meiibiose, 31, 44, 399 
Menthol, 376 
Mercury, 168 

Meristeniatic tissue, 49, 176, 266, 299, 
305-6, 312 

i Mesophyll, 138, 146, 158, 160-1, 180, 
i 203, 226 

1 Metabolism, general, 4, 24, 45, 69, 89, 

I 149, i62-298, 301, 305, 370, 

1 375, 378-9, 385-6, 388, 400, 

41^8, 449 ^ ^ ^ ^ 

direriive nature of, 45, 183, 186, 
370,402,414 

prodinls of, chemistry of, 370- 
430 

classiticatimi of, 169 
distribution of, 170-2 
functions of, 175-8 
Metamorphosis, 302 
Methosyi groups, 187, 374, 407, 409 
Methyl alcohol, 187, 195-6, 371, 380, 
418 

Methylene blue, absorption of, 57, 62, 

69 

as hvdrogen-acceptor, 38-9, 292- 
3, 295 

Methyl-glyoxal, 35, 39, 187, 193, 216, 
284-6, 375, 3S2-3, 388, 398 
Micellae, 12, 17, 18, 4.1, 45, 171, 173, 

, 289,292,433 . 

Micro-chemistry, , 171 , 
Micro-organisms, 2, 71, 75~7, 79, 80, 

■ 252-3, 261 ^ 

Mimosa, 335-7, 339, 346-7, 350, 355, 

. 368 : , , 
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Mineral matt'.er, 11, lH3s 175, 315 
Mitocbonciria. 9, 14 
Molar solution, 401 

Monosaccliarides {sic also Hexoses 
, ami Fentosesu chemistry, 372, 
388 , 393-8 

conversion into polvsiU'cliaildes, 
1S5, 401-2 

into glycosidt's, im-O, 4U3-4 
occarrence of, 10, 88 
photosynthesis of, 18i> 
prodiicticm of, Ijv livdrolvsis, 399, 
401 ’ " ‘ 

Motor systems, 307, 335, 347-54 
MoiiMs, 183 

Movement, 5, 250, and CUiap. XFI. 
Mucilage, 55, 111, 172, 174, 177, 179, 
193-5, 305-6, 402-3, 438 
Mnstard-oils, 375 

Mustard seedlings, roots of, light- 
growth response of, 331 
pilot otropisiii of, 343, 357, 360 
Myricetin, 407, 410 


Kareoties, 8, 42, 62-3, 148, 236, 245, 
267, 289, 294, 313, 347 
larcotine, 188, 422 
lasties, 338-9, 345-7, 306-7 
nectaries, 178, 305-6 
Hickel, 168 
Nicotine, 421-2 

Nitrates, 36, 56, 76-80, 138, 169, 188, 
202, 253 

Nitrites, 36, 76, 184, 188, 253 
Nitrohaeter, 76-7, 253 
Nitroeoecus, 253 

Nitrogen, gaseous, production of in 
^ soil, 76-7 
fixation of, 76 

sources of, for plant nutrition, 
165,177 

as an essential element, 165 
metabolic products containing, list 
of, 169-70, 177 
chemistry of, 414-30 
formation of, 163, 184, 190, 
192, 201-4' ' 

translocation of, 134-9, 172, 

: 202-4, 221, , 

' ' occurrence of, In plants, 168, 177 
Nitrogen-cycle, 76-7 
Nitrosomonas, 76-7, 253. . 

Nuclein, 205,. 429. 

Nucieoprotein, 11, .15, 16, 205, 266, 
'421,428-9 


Nucleosides, 187, 196, 422 
Nucleotides, 29, 34, 422 
Nucleus 9 

chemistry of, 15-17, 421, 426, 429 
division of, 250, 299, 305, 339 
I Nutations, 330, 336, 339, 340, 359 
; Nutrition, 4, 6, 48, 74, 77-9, 89, 130, 
142, 162-7, 243-4, 305, 312-13, 340, 
345 


Oat, coieoptile of, groislh of, 323-9 
geotropLsm of, 365 
light “groulh response of, 331-3 
perceptions of stimuli by, 307, 
351-2,361 

phototropism of, 351, 355, 
359-60 
Oenidin, 409 
Oenin, 409, 413 

Oils, essential, 172, 177, 305-6, 373, 
375-6, 379, 386, 430 
fatty-, 375 
See also Fats. 

Optimum temperature, 270, 326, 322 
Organization-resistance, 267 
Orientation of plant-members, 81, 302, 
337, 440 

Ornithine, 192, 423-4 
Orthotropism, 338, 340 
Osmosis, 48, 300, 306, 454, 458-9 
Osmotic pressure, and absorption of 
water, 54~5, 82-3 
and growth, 8, 166, 301, 311 
and stomatal movements, 156- 
161 

and suction pressure, 52-4, 300 
changes of, during plasmolvsis, 
50-1, 59 
general, 457-64 
methods of determining, 50 
of cell-sap, 49-50 
pulling force resulting from, 121- 
3, 125, 129 

Oxygen, activation of, 282, 289, 291, 
296 

and resf)iration, 142-3, 147-8, 210, 
212, 216, 249-58, 262-6, 272-3, 
282-9, 291-2 

as component element of plants, 
163, 166, 168, 184 
concentration of, in internal 
atmosphere, 147-9 
essential for green plants, 6, 93, 250, 
311, 313 

measurement of, 223-4, 254-8 
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Oxygen, necessary for chlorophyll 
formation, 236 

for movement and luminosity of 
bacteria, 224 

for plant -movement, 341, 347 
for root -pressure, 86, 89 
possible activation of hexoses by, 
285 

production of, in photosynthesis, 
142-3, 146, 162, 221, 223, 231, 
236, 247-8 ' 

supposed restrictive effect of, on 
carbon-loss, 279, 280, 285-6 
uptake of, and oxidation systems, 
36-9, 46, 287, 289, 292-4 
in non -respiratory processes, 46, 
190, 212, 263-4, 272, 288 


Pectic substances, 169, 172-4, 179, 
180, 195, 205, 392, 402, 431, 438 
Pectin, 172, 175, 184, 187, 193-6, 211, 
392 

Pectinogen, See Pectin, ^ 
Pecto-cellulose, 173 
Pectose, 173, 392 
See also Protopectin. 

Pelargonidin, 409-11 
Pelargonin, 412 

Pentosans, 169, 187, 193, 195, 229, 
392, 394, 401-3 

Pentoses, 169, 187, 195, 263, 394, 396, 
403, 421-2 

Peptide-linkage, 195, 425 
4 - 24 - 7 

Peptones, 31-2, 169, 195, 221, 424-7, 
431, 435 

Pericycle, 86-7, 174, 305 
Permeability, coefficients of, 58 
general, 89, 127, 433-5, 454-6, 458 
of cell-walls, 49, 55 
of menabranes to solutes, definition, 
61 

general, 89, 127, 433-5, 454-6, 
458 

of protoplasm, 22, 49, 55-65, 104, 
267, 329, 334, 464 
Phseophytin, 246 
Phaseolnnatin. See Linamarin. 
Phellandrene,.. 170 
Phellogen, 173, 299, 305 
Phenols, 37, 46, 69, 169, 172, 185, 187, 
191, 194, 196, 264, 372-5, 377, 404 
Phenylalanine, 423-5 
Phenylnrethane, 236, 289, 294 


Phloem, 90, 112, 130, 131-40, 174. 

176, 181, 221 
Phloroglncinol,' 373 , 

Phosphates, II, 14, 34, 44, 75, 79, 169, 

177, 187; 283, 397, 448, 453 
Phosphatides, II 

See also Lipoids. 

Phosphogiyceric acid, 284 
Phosphoric acid, 185,196, 370, 375, 
403, 414, 421-2, 448 
Phosphorus, 75, 139, 165, 168-70, 177, 
184, 244, 414 , 

Photonasty, 339, 346 
Photosynthesis, and carbon 
assimilation, 16ul 

and control of stomatal movements, 
157-61 

and "respiration in greeji tissues, 
142-3 ■ 

as a buffering process, 449 
chemistry of, general, 182-3 
the dark chemical phase, 238, 
240-3, 247 

the formaldehyde-liypothesis, 
213, 215, 217-18, 244-8, 382' 
the pliotocliemical phase, 235-8, 
240-2, 246-7 

the production of carbohydrates, 
138-9, 183, 188, 198-201, 219, 
228-30, 234, 239 

energy relations of, 6, 94, 226, 314, 
417 

gaseous exchanges connected with, 

, 48, 142, 146-7, 222-4, 249 
induction phases in, 239 
in general, Chap. XIII, 221-48 
inhibition of, 235-6, 239 
lag in, 236 

rate of, general, 149, 152-3, 201, 
224, 229, 236-7, 239-44, 320 
influence of diffusion factor on, 
152-3, 240^ 

tissues fimctionmg in, 180, 182, 305, 
322,340 

Fhotosynthetic efficiency, .227 
quotient, 247 
Phototaxis, 339, 344 
Phototropism, 330-2, 339, 343-4, 349- 
51, 355-64, 366 
Phycoerythrin, 429 _ ■ 

Phycomyes nitens, sporangiophore of, 
iight-growili response of, 
330-1 . ■ 

phototropism of, 359-60 
Phytin, 29, 375 
Phytol, 190, 196, 378, 418. 
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37 46, 178, 180, 263, 288, 

^ ® 297,305,’377-8,406-13,416-9,429 

See also Chloroplast. 

Kiienes 376 

Plagiotropism, 308, 

Plasmatic meffibraiies, 21-3, t>J, 44^ 
Hasmolfsis, 50~2, 57-61, 111 
Plastic substances, 171, l/o™7 
PlastMs, 9, 157, 180, 408 
Plastins 205 

m 292, 

313, 428 

Polar groups, 444 

Polypeptides, 32, 169, 193, 195 ^ _ 
Poiysaccliandes, as lood reserve, l9o, 
251 272 

clieiiiistry of, 169, 184, 393-4, 398, 
401-3 

colloidal solutions of, 435 
diffusion of, in solution, 454 
formation of, 185, 193-5, 207 
hydrolysis of, 29, 186, 193, 21-3, 461 
occurrence of, 11, 174 ^ 0 , 10 -! 

osmotic pressure of solutions 01 , 4oi 
types of, 174, 193, 402-3 
Populin, 405 
Porometer, 144, 

Porphyrins, 28,, 170, 294, 416 9^ ^ 
Potassium, 11, 14, 22, 

139, 165-9, 172, 177, 244, 389, 412 
Potassium hydrogen sulphate, 40o 
Potometer, 96-7, 99, 113^ « 

Presentation-time, 342, 352,'355-/, 36o 
Production sequence, 219 
Prolamins, 426-7 
Proline, 192, 424-5 
Proteins, and cell-acidity, 446 
as ampholytes, 43, 427,, 
as anabolic end-products, lop 
as food-reserves, 176, 180-1, 30o, 
,312,425-7 

chemistry of, 169, 177, 42o 
cliromo-, 232, 428-9 
classification of, 426-7 
coagulation of, 20, 42, 427 
conjugate-, 232, 417, 429 
diffusion of, 454-5, 
enzymes as, 26-8 
„ heat of combustion of, 226^ 
hydrolysis of, 31-2, 44, 190-6, -03, 
205, 206, 216, 425 
occurrence of, 10, 14, 15, 21, 62, 129, 
■ 134, 138, 169, 171-2, 176, 180-1, 
426-7 


Proteins, oxidation of, 251-2, 200,^272 
physical properties of , in cells, o-u 
physical state of, in aqueous 
^ systems, 17, 21, 64, 427, 431-8 
possible role ^ played 
photosynthesis, 238, 247 
precipitation of, 428 _ 

respiratory quotient ^ 

synthesis of, 76, 179-80, 18^. 19o-b, 
201-4,206-7, 218, 221,227,299, 

426 

variability of, 13, 426 
viscosity of sols of, 20 
Proteoses, 195, 424-7 
Protopeetin, 211 
See also Pectose. 

Protoplasm, as a chemically actwe 
system. Chap. HI, 24-47, lii, 
179-196, 212-13, 219, 234-42, 2oO, 
266-7, 271,288,411 
biochemistry of growth of, 176, lOo, 
299 

chemical constituents of, 10-17, 1 
1, 175, 378, 414, 426, 428-9 
circulation of, 5-7, 128, 1^0? 339 _ 
general, Chaps. I, II and III, f 
physical properties of, 17-.;-3, lil» 
428 

Protoplasmic connections, 128, 310-1, 
348 

Prulaurasin, 46, 404 
Prunasin, 30, 44, 404 ^ 

Pnlvini, 307, 335-6, 346 , 3o0, 30 / -9 
Purines, 10, 170, 193, 416, 421-2 
Fyran, 396, 406 

Pyranose sugars, 183, 191, 39o-b, 
400, 402, 406 
Pyridine, 415, 421-2 
Pyrimidine, 193, 416, 421 -< 

Pyrogallol, 373, 390 
pyrrole, 415-19 ' , « 

Pyrrolidine, 415-16, 421— 

Pyruvic aldehyde. See Methyl- 
glyoxal. 

Quercitin, 407, 410, 413 
Quercitrin, 407 
'Quinine, 421-2 
Quinol, 373 ; 

Quinoline, 415, 421-2 
Quinone, ortho-, 38, 291 

Kadish, hypocotyd of, light-growth 
response of, 331, 333-4 


490 


SUBJECT INDEX 


\ 


Radisli, hvpocotvl of, phototropism of, 
360, 362' 

Eaffinose, 31, 44, 396, 400 
Eaphaniis. See Radish. 

Eaw materials, 175-6, 184, 305, 312 
Eeaction-time, 355, 369 
Relative-transpiration, 98-9, 102, 104, 
106 

Relaxation-time, 355, 357 
Resin, 92, 172, 174-5, 180, 184-5, 196, 
305-6, 375-7, 390, 431, 438 
Resorcinol, 373 

Respiration, anaerobic, 213, 215, 220, 
250, 258, 263-5, 272-3, 273-87 _ 
and drv-weight, 204, 225, 250, 
260-1^ 319-20 
and growth, 181, 301, 313 
and life, 4 

and stottiatal movemenf, 159-61 
buffering from, 449 
chemistry of, 213, 215-16, 218, 220, 
280-98 

energj^ relations of, 4, 6, 86, 89, 204, 
227, 249-54 
See also Energy, 
floating-, 272 

gaseous exchanges connected with, 
48, 142-3, 147-8, 222, 254-8, 
262-6 

See also Carbon Dioxide and 
Oxygen. 

in general, Chap. XIV, 249-98 
inhibition of, 289-90 
of apples, 210-12 

of green leaves, 132, 143, 200-1, 
230, 236, 271-2 
protoplasmic-, 272 
retardation of, 212, 217 
Respiratory-index, 268 
Respiratory-quotient, 190, 205-6, 212, 
257, 262-66, 297 
Rhamnose, 393, 407, 410 
Rihose, 372, 394, 421 
Ring-formation, 190-3 
Ringing-experiments, 112, 129, 131-3, 
136 

Ripening, chemical changes occurring 
in, 206, 210-11 
Root-hairs, 82, 86-7, 305 
Root-pressure, 85-9, 116, 125-6, 130 
Roots, absorption by. See Absorp- 
tion. ■ 

auxins and, 325-6, 364, 366 
geotropism of, 308, 341-2, 352 
growth of, 299-301, 306, 326, 331, 
,364 ' ■ 


Roots, hydrotropism of, 344 
perception of stimuli bv tips of, 
307,352-4 

phototropism of, 343, 357, 360 
Rubidium, 168 

Sacs, metabolic products located in, 
172, 174, 179, 306 
Salicin, 44, 374, 405 
Saligenin, 374, 405 

Salts, inorganic or mineral, absorption 
~ of, 67-8 

See also Absorption of 
solutes. 

conduction of, 129, 131 
distribution of, ll, 14, 18, 
171-2, 175, 431-2 
essential for growth, 312-3 
functions of, 177, 184, 316 
in water-culture solutions, 162, 
165-6 

osmotic pressure of solutions 
of, 50, 463 

permeability of protoplasm to, 
62 

state of, in solution, 434 
Samhunigrin, 165 
Sand-culture, 165 
Sap, movement of, 114-26 
tensile strength of, 122-5 
tracheal (or from the xylem), 
composition of, 88, 129 
Sapogenins, 406 
Saponins, 406 

Saturation-deficit, influence on 
transpiration, 101-3, 106, 109-10, 
154,317 
Scents, 178, 211 
Sclerencliyma, 174-5, 306 
Scutelium, 182 

Secretion, 48, 86, 89, 91, 120, 125, 

■ 172-3, 178-9, 250, 305, 347, 440 
Seedlings, 181, 269, 312-3 
Seeds, dormancy of. See Dormancy® 
germination of. See Germination, 
metabolism of, 206-7, 264-6 
properties of coats of, 148, 264,265, 
312 

Seismonasty, 339 
Selenium, 168 
SemicoUoid, 433, 435 
Semipermeable membranes, 49, 52, 
54-5,' '59, 88, 458-9, 464 , 
Senescence, 198, 207, 210-12, 215, 288, 
319 

Sensitive systems, 307 
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Serine, 190,4*^3 5 _ 

Setaria, pliototropism oi, 3o0 
Shock, as a nastic stimums, 33 J 
effect on stomata, 161 

Silica, 78, lOS-O, li4, 1/8, 3o3 
Silicon, 168-9 ^ 

Silicic acid, 403 
Silver, 168 
Sinalbin, 405 
Sinigrin, 405 

Soiinm, 22, 64-o, 78-9, 168 
Sodium bicarbonate, as a source oi 
carbon dioxide^, 222, 224 
chloride, 433, 455 ^ __ 

sulphite, as a fixative loi 

acetaldehyde, 214, 284 
Soils, in general. Chap. V, 7i-»i 

absorption of water from, bee 
Absorption. . _ , 

chemical changes occurring in, 
74-81, 89 

colloids in, 73-4, 78-81, 83, 89, 
435-6 

gases in, 72-4 ^ no 

mineral matter, in, 7 1-4, 1 8 
movement of water in, 83, 1^0 
organic matter in, 71,__/3, 
organisms in, 71-2, 75-7, /J-bi 
plij^^sical properties of, ^^"“3 
types and formation of, / 1“4 
water in, 48, 72-4, 79, 82-4, 88, 

103, no, 316 

Soil-solution, composition ot, ,f3, ios 

osmotic pressure of , 82, 88 

Solids, ■ occurrence of , in plants, 171, 

174, 178, 181, 431, 461 
Solutes, absolution of, 89, 90 

coiiduotion of, Chap. IX, 1-/ 4i 
diilusioii and passage of across 
membranes, 54-70, 433-4, 4o3-6, 
458, 464 
loss of, 48 
Sorbitol, 372 

Stacliyose, 401 ^ . x.. 

Starch, and respiratory quotients, 
265-6 , , . 


-eo~o 1 T 3 X 

as index for study of carbohydrate 

niisration, 132-3 

as source of carbohydrates m 
xylein, 129-30 
as statoliths, 352-4 
as a storage-product (or reserve 
food), 130, 176, ISO, 265-6 

concentration of, in 

199, 200, 229-30, 234, 239, 260 


Starch, concentration of, in seeds, 
206-7 

ill the apple, 207-8, 210 
detection and estimation ol, 
diameter of molecule of, 433 
heat of combustion of, 226 
hvdrolvsis of (or conversion ot into 

sugars), 29,^133, 164,^8^ 

201, 206, 214-16, 229, 271^40-. 
in guard-cells of stomata, . 

occurrence of, in general, 129-30, 
171,176,180,231 

solubility and physical properties 
of solutions of, 431, 435, 437 6 
structure and chemical composition 
of srains of, 403 

synthesis of, 57, 69, 181, 186, 194, 
'^200-1,217-19, 221,230-1 
Statocyst, 353-4 

Statolith, 353-4 , , , - o-o o 

Sterols, 11, 169, 179, 184-o, 3/8-9, 
388 

Stimulus, general, 5, 302, 336-8, 339, 
358-9 

canibial, 308, 311 n 

chemical, 170, 177, 30ix, 310-11, 
329, 344, 368 

contact, 3f3, 346, 349-50, 3oo 
external, 5, 336-7 
formative, 5, 302 
ora vitational force as a, 26/, ood, 
343, 352, 355, 356 
heat, 303, 346 ^ 

internal, 5, 308-11, 336, 338 
light, 8, 170, 303, 314, 330, 343, 
345-6, 356, 358-9 
of fertilization, 308 
orientative, 302, 337 
perception of, 307, 347-o4, 3oo, 
361, 364—5 ^ 

reception of, 347-9, 351, 355 
response to, 5, 302, 335-9, 34 1 -9, 
355 

shock, 346 
summation of, 357 
threshold-value of, 337-8, oo8-9 
transmission of, 307-8, 310-il, 

: , 347-51, 367-9 

water as, 339,344 

L wound (or injury), 267, 311, o4o, 

352 

stomata, and transpiration, 93,_ 99- 
j 101, 103-6, 111, 144, 151, lo3 

and gaseous exchanges, 48, 14,5-/, 
, 149-53,221,240,306 

diffusive capacity of, 106, loi >;> 
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Stomata, ineasiirement of width of, 
153-4, 155 ■ . ^ ' 

movements of, conditions affecting, 
93, 100, 102, 104-5, 111, 154 
functional significance of, 93, 
105-6, 111, 144, 153, 240 
inecbanisin of, 64, 156-61 
Storage of fruits, 6, 7, 63, 148, 212, 
215, 267 

Storage-regions, 112, 127, ISO-I, 199, 
203-8, 260, 305-6, 387 
Strontium, 168 
Styrene, 372 

Snberin, 55, 91, 173, 175, 178, 180, 
184-5, 196, 392-3, 431 
Subsidiary cells, 156-7 
SnecTilent plants, 172, 177, 263-4, 389 
Sucrose. See Cane*sugar. 

Suction pressure, 52-4, 82-3, 86-7, 
123, 157, 300-1, 328 
Sugars, active or butylene-oxide. 8m 
Furanose sugars, 
as respirable material, 176, 272 
concentration of, and metabolic 
events, 199, 201, 202, 209, 219, 
271 

defining properties and types of, 393 
fate of cleavage-products of, 187, 
189, 202 

fermentation of, 214 
intramolecular eonversions of, 183, 
398 

normal or amylene-oxide. See 
Pyranose Sugars. 

occurrence of, 199, 205, 209, 212, 432 
See also Monosaccharides, 
Disaceharides, Raffinose. 
oxidation of, 184, 398 
production of, in photosynthesis, 
183-4, 199, 219, 228, 305 
from formaldehjMe, 217, 244 
from starch. See Starch, 
st.'iutioiis of, in general, 431-2 
osmotic pressure of, 461 
translocation of, 62, 88, 128-9, 133, 
135-6, 180 

used in synthesis, 176, 179, 184, 198, 
202 

Sulphates, 11, 14, 75, 79, 169, 188, 253 
a(iid-, 405 
Sulphides, 184, 190 

Sulphur, 165, 168-9, 177, 188, 190, 
204, 370, 405, 423-4, 427 

18, 


Surfaces, orientation of molecule? 
17,444 

Surface-tension, 21, 441-3 
See. also Capillaritj’' and Adhes 
forces of. 

Suspensions, 432-3, 441 
Suspensoids, 436 
Syneresis, 440 

Synthesis, 4, 32-3, 45, 138, 163, 1 
81, 186, IS8, 193-6, 198, 201, ; 
425 


Tannins, 29, 69, 169, 172, 174, 178, 
184-6, 196, 373, 390-1, 413, 431, 
435, 437-8, 454, 456 
Temperature-coefficient, 42, 238, 270, 
316, 322 

Temperature of plants, 94, 104, 227, 
252 

and after- ripening of seeds, 312 
antliocyanin formation, 303 
carbohydrate equilibria,, 271 
coagulation of proteins, 428 
enzyme-action, 26, 41-2, 215 
germination of seeds, 312 
growth, 313, 316-7 
hydrion-concentration, 449 
metabolism, 170, 252 
osmotic pressure, 460 
permeability, 55, 63 

223-4, 

230, '236, 238-9, 242-3 
plant-movements, 341, 345-7, 
355 

protoplasmic activity, 6-8, 242 
respiration, 143, 236, 269-71 , 
stomata! movements, 154, 161 
transpiration, 97-8, 102-4 
viscosity of protoplasm, 20 
water-absorption, 82, 109-10 
Tendrils, 307, 345, 349, 357 
Tension, transmission of bv liquids, 
117, 120, 122-5 

Terpenes, 169-70, 180, 185, 196, 211, 
375-7 

Tetrasaccharides, 393, 398-400, 402 

Tetroses, 393-4 

Thallium, 168 

Theobromine, 422 

Thermonasty, 339, 346 ; 

Thigmotropism. fe- Haptotropisin. 

Thymol, 373 

Time-factor, 43, 269-71, 213, 316 
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To!ii©Be, 374 ^ 

TracheMeSs 179, 306 ^ g 

TOovemeiit of sap m, 113, ilo 1 j 

125, 130,172,221, 306 

TransiocatioB, 179, 225, 230 
to oiso Conduction* ni ^ 

Transpiration. Hr_geBeral, 48,^ C ^p. 

See also Humidity, Light, 
Temperature. 

and water-supply, 92, 103-5, 107 
cuticular-, 93, 99-101, 105 
functional value ol, 93-4, .iU--, 
129, 227, 307 ^ 

harmful consequences oi, 33, 
110-1, 317 

inevitability of, 93, 144 
influence of air-movement on, 
97-8, 102-4, 108, 110 
internal regulation of, 98, 100, 
104-7, 109, 111, 177,_345 
measurement of, 91-2, 94-9, 109 
pulling force set up by, 117-22, 
129 

rate of, 91, 93, 97-9, 101-9, 114, 

122,144, 151,153,177 ^ 

restriction of, 91, 143-4, 306 
stomatal-, 93, 99, 106, 144, 
178 

Transpiration-stream, 89, 120, 122-3, 
129, 131 

Tranmatropism, 352 
Triacontane,,371 

Trioses, 393-4 ^ 

Trisaccharides, 29, 30, 44, 193, 393, 
398-400 ■ 

Tropane, 416, 421-2 
Tropisms, 337, 339 
Tryptophane, 32, 419, 424-5 
Tutanose, 400 ■ 

Turgor, 48, 51-4, 83, 88, 91, 

109, 110-11, 114, 156, 175, 306-7, 
313 369 

Turgor-enlargement, 83, 115, 300-1, 
316,318, 325,328. 

Turgor-pressure, 52-4, 110, 140, 156 7, 

TyroLe, 37, 46, 192, 288, 413, 423, 

424-5 


Ultrafiltration, 434 
Ultramicroscope, 73, 435-7 
iTtscII 421 — 2 

“ 32 , 163, 188, 193, 203, 403 


Yaeuoles, formation of, 300 

substances found in. See Cell-sap. 
Yaline, 190, 423-5 

Yalonia, composition 01 ceil-sap 01 ^ 
66 

Yanadium, 168 
Yanillio alcohol, 374 » 

Yanillic aldehyde, 379 

Yariation, movements of, 30 336-9, 

Yariegated leaves, 157-8, 160, 202, 231 
Ventilating systems, 306-7 
Vessels, 179, 250 

movement of sap m lumina 01 , 116, 
115-16, 125, 130, 172, 221, 306 
Viscosity, 18 - 21 , 438-9 
Vital activity (or processes), 1, 4 0, 
86, 115-16, 140, 250, 273 
force, 163 
heat, 249, 261 
YiteUin, 226 


Wall-pressure, 52, 300-1, 3-8 ^ 
Waste-products, 48, i7o, 178, 2ol 
Water, and stomatal movement, lo4, 
156-7 

as a stimulus, 344 
as necessary for g^wth, 6, dUU, dix, 
313 323 ^ 

as raw material, 48, 175, 184, 198, 
202,254,313 

electrical dissociation of, 449 
fimctions of, 48, 175 
general relations of vacuolated ceU 
to, 49—54 

holding-powm* of plants tor, Jo, 
103-9, 177 ^ 
in soils. See Sods, 
loss of, ^ec Transpiration, 
presence and content of, m piants, 
6, 10, 17, 108-9, 154, 167, 169, 
225 

produced in metabolism, 188, 191, 
193--U, 209, 250-1, 253, 263, -6o 
retention of, by plants, 48 
supply of, 48, 82-4, lOJ 10, lo4, 

317 ^ , 

See also Absorption and 
Conduction. . i • 

used in hydrolyses, 

in photosynthesis. 146, 16_3, ibO, 

182, 221, 22o, 230, 23o, -38, 
246,248 \ , 

Water-balance, 109-10, 316 
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Water-cultures, -65, 69, 165-8, 198, 
812 

Water-deficits, 10%.ll, 345 
Water-liapmer, 11*9 ■ - 

Waxes, 99, 169-70, 174-5, 195-6, 
871, 386, 388, 431 

WUting, 82, #4, 91, 105, 110-11, 113, 
153, 166, 159, 161, 317 

Wilting-coefficient of soils, 110 
Wood, as a material, 171 
as a tissue, 112, 132, 134-7 
specific condiictmty of, 115, 123 


Xylem, 48, 87-9, 107, 112, 115-16 120 
123, 125, 129-31, 140, 180, 221, 369 
Xylose, 180, 194, 394, 398 


Yeast, cytochrome and, 293-5, 418 
enzymes in, 13, 25, 34, 37, 45 179 
281, 287, 294-5, 297 ’ • , 

fermentation b^y, 25, 34, 45, 70, 183 
214, 216, 285, 397 
glutathione and, 427 
glycolysis in, 285 
growth of, 202, 321 
respiration of, 279, 285, 287, 292 


Xanthone, 407 

Xanthonic pigments, 406, 413 
Xanthophyll, 169, 190, 231-4, 247, 
377-8, 418, 429 
Xerophytism, 177, 304 
Xylans, 194-5, 392, 402, 438 


Zinc, 167-8 

Zymase. See. Enzymes, 
fate of cleavage-produets of, 187-8 
213, 216, 218, 220, 280-8 
Zymasis, 46, 285, 297 
Zymiu, 25, 45 
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distance L from a region where the concentration is to another where the ' 
concentration is is proportional to (Cj— C 2 )/L. This rate increases 
: directly with increase of temperature. 

Diterent substances dituse at different rates, under the same external 
conditions. Acids and alkalies (strictly hydrogen ions and hydroxyl ions), 
have the highest rates of diffusion ; then come the component ions and 
molecules of salts. Among the non-electrolytes, the rate of diffusion 
decreases as the complexity of the molecule increases. For example, 
glycerol diffuses more rapidly than cane sugar, and the dispersed solutes in 
colloid solutions of polysaccharides, proteins, tannins, etc,, diffuse very 
slowly. 

The presence of a non-electrolyte, e.g., cane sugar, may appreciably 
reduce the rate of diffusion of organic solutes in water. In colloid 
solutions the rate is still further reduced ; consequently the rate of diffusion 
of a given substance may vary in different parts of a living cell. 

Special problems arise when we consider liquid systems in wliicli mem- 
branes akin to cell walls and protoplasts form a part. We recall that 
Graham classified solutions as colloid and crystalloid on the basis of the 
relative permeability of parchment and certain other membranes to 
different solutes. Only water can pass across a parchment membrane 
which separates two colloid solutions, but solute molecules also will pass 
when crystalloid solutions of electrolytes or non-electrolytes are used. For 
a single solute, or for two or more solutes that do not combine, diffusion of the 
solute molecules of a crystalloidal solution continues until the concentration 
of the various solute particles becomes the same throughout the system , 
i.e,, the final state is the same as that which is attained when the membrane 
is not present, although, of course, equilibrium is reached more slowly. For 
example, when a solution of glucose is placed inside a permeable parchment 
membrane (fig. 56), and a solution of sodium chloride outside the mem- 
brane, glucose molecules diffuse out (exodiffusion), and sodium and chlorine 
ions diffuse in (endodijlusion)^ until the concentrations of glucose and of 
sodium and chlorine ions become the same inside and outside the membrane. 

The systems that give rise to what are termed Donnan-equilibria ^ are of 
biological interest. Let us consider a simple instance, supposing that 
inside a membrane there is a colloid solution of an electrolyte LX (L 
being a colloid cation), and outside a crystalloid solution of a salt MX, 
having the common anion X'. In this system equilibrium cannot be 
reached by the migration of the diffusible ions M* and X' until each of 
these ions is distributed in equal numbers on the two sides of the mem- 
brane, because such a distribution would leave free electrical charges on the 
indiffusible ion L* . As would be expected experiments have shown that X' 
passes in to a greater extent than M*,- At equilibrium it appears that the 
product of the concentrations of the diffusible ions (i.e., M* and X') inside 
the membrane is equal to the product of the concentrations of these ions 

outside. ' ■ . . . 

Conditions are much more complex, even in the simplest systems that 
interest biologists. Indiffusible cations and amons, for example protein 
ions, are present in the cell sap ; and in the environment and cell sap there 
occur in great variety metallic and acidic ions capable of endodiffusion or 
exodiffiision. Furthermore it must be remembered that hydrogen and 
hydroxyl ions produced by the ionization of water can diffuse across 
membranes. For example, in a complex system the presence of an 
indiffusible anion inside a membrane might result in the passage from a 

1 For clear accounts of Lonnan-equilibria see Gortner (^iT) and Stiles {291). 
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solution of mineral salts outside of cations in excess of anions, with com 

pensating exodiffusion of cations (seep. 88). If hydrogen ions were amonir 

those passing out, ttere would be a tendency (which might not become 
manifest owing to buffering) for the acidity of the solutions both inside and 
membranes to change (see p. 88). It is highly important to 
realize that at equilibrium, however it might be brought about; diffusftle 
mns would be unequally distributed on the two sides of the membrane 
Ihe concentrations Md ionic charges of the indiffusible ions operate iii 
this distribution. For a given diffusible ion there may occur 
against a concentration gradient to the inside of the membrane 
which contains the indiffusible ion. On the other hand, diffusion mav 

:SrSiltibm“^““ ^ remain/^eX^r 

Other systems ot great interest to biologists are those in which the 



^ of tanmn is placed inside the parchment 

membrane, and a wak solution of ferric chloride outside. The 
latter is orysMloid, and the former colloid. Ferric chloride 
diffuses across the membrane, and combines with tannin to form 

maintains a diffS 

gradient, and, if excess of tannin is used, the outside solution 
fmally becomes free from ferric chloride. McCullagh performed a 
but removed the diffusing solute by adsorption. 

outside the membrane, and a sus- 
pension of animal-charcoal inside. 

a membrane, either combines chemi- 

theLrmbrinc of another substance inside 

m system, when the substance inside the membrane 
S£n4 S ,t4t concentration gradient will be maintained until the 

excess of tSfff Lw''^^^^ Even with relative 

excess ot the dihusing solute, the final concentration of free solute molecules 

Sodfflusion combines chemically, or on which it is adsorbed, after 

Parallel systems occur in living plants. For example, durins orowth 
Sc^s^°Z?the%‘'7 absorption remove diffusible nutrient sub- 

wemf ks wlT mamtam diffusion gradients. When adsorption 

w^m the nTff kw steepened. Diffusion is also promoted 

nih Tmn^ / suhsta,nce undergoes metabolic change at the end of its 
path. Important examples are cited elsewhere (p. 93) of equilibria which 
owing to metabolism, are never attained. cqiuiiDria wnich. 
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E. Osmotic Pressure 

Early in the last century it was obsen-ed that sporangia of salt-water 
alg® increase m volume and burst when placed in fresh water. This 
observation led to investigations on the conditions that govern the passage 
of water across membranes. It was found that a hydrostatic pressure is 
J* temporarily developed when a parchment membrane or animal 
bladder, enclosing a solution, is placed in pure water (see figs. 68 and 69). 

osmotic pressure was introduced to descrilie the maximum or 
equiIibriinB \aiue of this hydrostatic pressure produced by osmosis. 




pressure as a result 
of the passage of 
water across a 
parchment mem- 
j3rane containing a 
strong solution of 
cane sugar, leads to 
a rise in the level of 
this solution. 


Fig. 09. The 
development 
of hydro- 
static pressure 
as a result of 
the passage of 
water across 
a closed 
parchment 
membrane 
containing 
cane sugar, 
leads to an 
increase in 
turgor, and 
finally the 
m e ni b r a n e 
bursts. 


Quantitative work was performed with a variety of solutes and inein- 
braneSj and suggestive results were obtained. For instance, it was found 
that for a given solute and membrane, the osmotic pressure was governed 
by the initial concentration of the solution inside the membrane. It 
appeared, however, that the permeability of a membrane to the dissolved 
solute was also an important governing factor, Experiments wuth mem- 
branes of animal Madder showed that, at the outset, water tends to pass 
in, while the outward diffusion of solute particles tends to equalise the 
concentrations of the solutions on the two sides of the membrane.^ The 

^ The membranes in living cells are probably not perfectly semipermeable for 
any solutes of crystalloid solutions, so the existence of the two tendeiunes 
mentioned above must always be kept in mind when considering the relations of 
living cells towards water and solutes. 
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todamental fact was thus apprehended that a membrane permittino. 
the passage of water only, a perfect semipermeable mem^aw mui 

P« ’ S a 

^ It was known that parctoent or animal membranes are semipermeable 
towards colloid solutions, but chief interest resided in the osmotfc o“ sSr^ 
solutions, towards which such membranes are permSe 
Traube (1867) made the important discovery that membranes of cornier 
ferrocyamde are seraipermeable towards many crvstaTloi^i 
T»„be-. 0.11 ™.y te p„^rf by 5“«»; 

chloride at the bottom of a vessel containine 
a hve per cent, solution of potassium ferro- 
cyanide. There is thus produced a strong 
solution of copper chloride within a semi- 
permeable membrane of copper ferrocyanide 
outside of which is a weak solution of 
potassium ferrocyanide. The two solutions 
remain quite distinct, but water passes from 
the outside into the strong copper chloride 
solution. This is indicatedby the increase 
in the volume of the solution inside the 
membrane, which is stretched and may 
break. It is, however, at once repaired by 
more copper ferrocyanide. 
Odd-lookmg growth forms are often pro- 
duced. ^ 

Pfeffer applied this knowledge when he 
prepared a rigid semipermeable membrane 
S'* ® measurement of osmotic pressure. 
Pfeffer placed a solution of copper sulphate 
inside and of potassium ferrocyanide outside 

Fig. 70 . Apparatus for the^capilla?tes of the pof Md'^n'^Seetoff” 

STsotaLnTKrra Xwf 

porous pot impregnated with sulphate did not diffuse to the out- 

copper ferrocyanide, and potassium ferrocyanide 

pme solvent is placed out- ^®^ch the inside of the pot, i.e., the porous 
side. The pressure is impregnated with copper ferrocyanide in 
measured by means of the addition to being rigid, was seminermeablp 
manometer, and the osmotic towards these e^stSuoid sZtfom Usfag 

’ “"■= "«"> ‘'“b « « pL°gr‘.to 

We may define osmotic pressure as the equilibrium hydrostatic vressure 
produced by the osmosis of water into a solution placed TaSectiu sZZ 

fiT^s solvent. We note ttat aecordtog 

I r^ult^f^SoL'^^^mpf develops af 

osSc nres^Trf ^ a glass bottle has an 

osmotic pressure of as atmospheres, we mean that were it nlaeed in i 

perfectly semipermeable membrane with pure solvent outside a hvdro- 
® atmospheres would be developed. ^ 

fa ^ ! results, and those of later workers , have shown that the orincmal 

factor m determmmg osmotic pressure is the number of particles fwhetLr 
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ions, molecules, or micellse) present in unit volume of the solution i Thus 
tor solutions of any given substance it has been found that at coni me 

percentage concentration in grams per umt volume of solvent For 
example, in one experiment with cane sugar solutions of different concen- 
trations the osmotic pressure in centimetres of mercury was 54 for one Per 
cent, sugar, 102 tor two per cent, sugar, 208 for four per cent suuarand 
308 for SIX per cent, sugar. Solutions of different su^tances (otte tSi 
isomers) m the same percentage strengths developed different osmotic 
pressures. For example, the following osmotic pressures were found for 
oum*r ^ 47, dextrin 17, potassium nitrate 178, 

" Nowthe molecular weight will in the Erst place determine the number of 
particles wluch will be present in a one per cent, solution of a substance. 
The larger the molecular weight, the fewer will be the number of molecules 
(or micelte) present. It is therefore easy to understand why, for a given 
concentmtion, lower osmotic pressures are developed for colloid solutions 
of dextrin and ^ gum— substan possessing bigh molecular weights— timn 
tor a eprstalloid solution of cane sugar. Furthermore, when the solute 
IS an electrol^e, the number of particles is increased as a result of the 
dissociation of inolecules into ions. Thus the high osmotic pressure of the 

crystalloid solutions of potassium nitrate may be attributed to the small 

Size of tlie molecule of this electrolyte, and to the dissociation of some of tlie 

molecules into potassium and nitrate ions. 

: These conclusions are of great importance in the consideration of the 
water relations of living cells (chap. IV, section A), for they permit us to 
infer that metabolism may bring about great changes in the osmotic 
pressure of the vacuolar sap in a given cell, without the introduction of 
fresh particles from outside. , Thus the complete hydrolysis of a one per 
cent, solution of a condensate (R),, (c.g., a polysaccharide) leads to an n-fold 
increase in the number of particles, and, consequently, to an n-fold increase 
in the osmotic pressure. Moreover, should the metabolism of a substance 
that is not an electrolyte lead to the production -of an,e!ectrolyt-e (e.g,, an 
organic acid), a further increase in osmotic pressure will be brought about 
,by the ionization of the metabolic products. On the other hand, the 
osmotic pressures of one per cent, solutions of simple. sugars, amino acids, 
etc., decrease when condensations take place. ■ ■The osmotic pressure 
becomes exceedingly low when the molecules or molecular aggregates reach 
colloid dimensions, and a further reduction occurs when "a condensate 
goes out of solution and forms solid grains. 

For: solutions of different substances it may be stated that at constant 
temperature equal voliunes of dilute solutions: containing the same n umber 
of particles will develop the same osmotic pressure when placed in a 
perfectly semipermeable membrane with the pure solvent outside. We 
describe solutions as isotonic solutions when they have the same osmotic 
pressure. When solutions have different osmotic pressures, that with the 
higher is said to he hypertonic, and that wnth the lower hypotonic 
..with respect; to the other. 

^ Temperature is also a governing factor, but its effect on the osmotic pressure 
of cell sap is comparatively slight. For dilute solutions the relationship between 
osmotic pressure (P) and concentration (C) and the adsote tejiiperature (T) 
may be summarized by the equation P = RCT where R is the gas constant. 
Tills implies that the gas laws hold for dilute solutions, and that the osmotic 
pressure of a solution is equal to the gas pressure that the solute particles w'ould 
exeit if the solvent were suddenly annihilated, and the volume remained unaltered. 



APPENDIX II 


1 The molecular weight in grams dissolved in one litre of solvent, is a weight 
molar solution, and in one litre of solution, is a volume molar solution. 

2 It should, however, be noted that the differential effects, of several factors, 
e.g., the mutual attraction of dispersed molecules, bring about differences when 
strong equimolar solutions are compared. 

3 Direct determinations of the osmotic pressure of cane sugar have been made 
with great care over a wide range of concentration (for table see Small, 271), 
From the tabulated figures we can arrive at the osmotic pressures of solutions 
of known molar strengths of other substances. Direct determinations of osmotic 
pressures are difficult to make, so measurements are made of some other magni- 
tude, such as the lowering of freezing point, raising of boiling point, or lowering of 
vapour pressure, tha^ is a function of the osmotic pressure because it also depends 
upon the number of particles dissolved in unit volume. We can thus determine 
by experiment the molar strength, oM, of a solution of an electrolyte (say), that is 
isotonic with bM solution of cane sugar, and of an solution that is isotonic 
with a solution of cane sugar, etc. We thus arrive at the osmotic pressures 


It has been calculated that the molecular weight in grams (one gram 
inoleeuie) of any substance contains 6-06 x 10^® molecules. Equimolar 
solutions ^ will contain the same fraction of this huge number of molecules, 
and hence, for non-electrolytes, the same number of particles. And, 
broadly, it Is true to state that experiments have shown that equlinolar 
solutions of non-electrolytes are isotonic. ^ Tliiis ;M-2/a per cent, cane 
sugar (molecular weight = 342) and 18*0/a per cent, glucose (molecular 
weight " 180) — ^where a would be 1 for a molar soiiitioii, 2 for a 0-5 molar 
solution, etc. — are isotonic. The osmotic pressure of dilute solutions of 
non-electrolytes may be approximately calculated from the relation arrived 
at by the application of Avogadro’s law for gases to such solutions, viz,, 
that a solution containing the molecular weight in grams dissolved in 
22 *24 litres will at 0® C. have an osmotic pressure of 1 atmosphere, which 
is equal to the pressure exerted by 76 cm. of mercury. For instance, 
0*1 molar solutions of cane sugar, glucose, and other non-electrolytes, have, 
approximately, osmotic pressures of 2*2 atmospheres at 0° C. 

Solutions of electrolytes have higher osmotic pressures than those of 
equimolar solutions of non-electrolytes. The osmotic pressure of a 0*1 
molar solution of potassium nitrate (molecular weight 101) is considerably 
greater than 2*2 atmospheres ; how much greater will depend upon the 
degree to which the molecules are dissociated into ions at this molar 
concentration. Taking a general case, let us suppose that in a given molar 
strength of solution os per cent, of the molecules of a dissolved electrolyte, 
MX, are dissociated according to the equation. 


Then, if the osmotic pressure of an equimolar solution of a non -electrolyte 
is P, that of the electrolyte will be (1 + osjlOO)F, Thus were eighty per 
cent. MX dissociated in a 0*1 molar solution, the osmotic pressure would 
be approximately 1*8 x 2*2 atmospheres. It should be noted that the 
degree of dissociation of a given electrolyte increases as the concentration 
is decreased. For potassium chloride solutions at 0° C., the percentage 
dissociation is 86 when one gram molecule is dissolved in ten litres of water, 
and 95 in a solution ten times more dilute. 

For certain purposes a mmiber termed the isotonic coefficient is conve- 
niently used to indicate the relative magnitudes of the osmotic pressures of 
equimolar solutions of different substances . At the present day the osmotic 
pressure (Pg) of the solution of the substance under investigation is com- 
pared with that (Pj) of an equimolar solution of cane sugar.® As a standard 
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the isotonic coefficient of cane su^r is taken as 2 ■ that of tiic 

■’’s!"'- <»*»« „r. 

works out at ^ (%.e it is the same as that of cane sugar) when it is deter- 

electrolytes, however, higher valuefare 
depends on the molecular structure of the 
^ ® degree of ionization at the concentration used, 

w 1 ^ molar solution the isotonic coefficient of potassium 

ao^oYim^LKr normal potassium sulphate 

approximately 4, and that of potassium citrate just over B. Here the 
principal governing factor appears to have been the maximum number of 
be formed by the dissociation of a single molecule; for 
1^0, can give two ions, K,SO* three, and K,C,H,0, four. For any 
electrolyte, however, we recall that the degree of dissoeiation, i.r., the 
percentage number of molecules that are dissociated, varies with the 
concentration. Cons^uently, the isotonic coefficient is not a constant 
that can be evaluated by measurements for a single concentration of a given 
electrolyte, but be determined experimentally for each molar strength 
thaf IS to be used. The numbers obtained from determinations of isotomc 
coefficients by pldSMolytic Methods represent the relative plasMOlyfic powevs 
of equimolar solutions (p. 81). Cane sugar solutions are again taken as 
standards for conipariiwn (see footnote, p. 271).. There are several methods 
which, may be used. For a given tissue we may find the molar strengths of 
solutions of different substances that cause fifty per cent, of the cells to 
become plasmoiyzed. Or, we may first plasmolyze the cells in a solution 
of cane sugar of known molar strength, and then transfer the cells to 
solutions of known strengths of other substances. That solution In w^hich 
the volume of the cell sap enclosed in the protoplast of the plasm oiyzed cells 
remains unchanged, will be isotonic with the cane sugar solution tliat in the 
first place caused piasmolysis. , Clearly, isotonic coefficients can be calcu- 
lated from the results of such ' experiments. . ' ' ' ■ 

Curved strips cut from the inflorescence- stalk of the dandelion also 
provide suitable material for experiments.-: In the 'intact peduncle the 
epidermal layer is stretched and the turgid parenchyma of the cortex and 
pith are in a state of compression. Cut. strips take on a curvature as a 
result' of the release of tissue tensions. - The epidermal cells contract and 
the ^parenchyma expand. Curvature increases in water or in weak hypo- 
tonic solutions, owing to the ' endoniosis of water into the parenchyma. 
In .hypertonic solutions exosmosis occurs,' and curvature decreases. No 
change of curvature is seen when the external solution is slightly }iy|)otonic 
with respect to the cell sap in the parenchyma, --le,, when = P - T (see 
p. 77), Solutions of different substances that -cause no change of curvature, 
may be regarded as approximately isotonic. Or curved strips may be made 
less curved by immersing in a hypertonic solution of cane sugar," and then 
transferring to solutions of other substances. That solution in which the 
decreased curvature does not alter will be isotomc with the solution of cane 
sugar that brought about this decrease. 

When the protoplasts in the cells act as truly semipermeable membranes, 
permitting neither the endodiffusion of the solutes in the bathing solution 

of the electrolyte in solutions of different molar strengths, and can then compare 
the osmotic pressures of equimolar solutions of the electrolyte and of cane sugar, 
i.e,, get a number for the isotomc coefficient of the electrolyte. 

Cane sugar solutions serve also for the determination of isotonic coefficients 
by plasmolytic methods because the molecules of this solute penetrate proto- 
plasm very slowly.. 
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nor the exodiflusion of the solutes in the cell sap, the isotonic coefficients as 
determined by plasmolytic methods will be the same as those determined 
by physical methods. It often happens, however, that the protoplast is 
not truly semipermeable towards the solute in the bathing solution and 
the difference observed between the isotonic coefficients as determined bv 
physical and plasmolytic methods, then serves as a valuable index of the 
permeability of the protoplast to the solute. 
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composition of internal atmosphere 
of,. 154-5, 285 

ethylene and the climacteric phase 
in ripening of, 211-12 
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Caffeic alcohol, 194 
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addition, 419 
amidation, 450 
condensations, aldol, 188, 419 
with dehydration, 420, 425 
with dephosphorylation, 193 
deactivation, 184, 431 
deamidation, 450 
decarboxylation, 198 
esterification, 420-1 
hydrolysis, 420-2, 431—1, 437, 447 
intramolecular, 430 
lactone formation, 425 
oxidation, 193, 418-19, 426-7, 430, 
442 

polymerization, 420 
reduction, 418-19, 426-7, 41!10-7 
rmg-formation, 189-91, 428 
saponification, 417, 422, 442 
substitution, 489 

Chemosynthesis, 98-9, 246-9, 252, 

256-7, 261 
Chemotaxis, 389, 393 
Chemotropism, 889, 393 
Chlbrella, 221, 234, 254 
Chlorine, 9, 11, 87-9, 100-1, 166-7, 
.445 . ■ 

Chloroform, effect on plant cells of, 
19, 79, 150, 216, 268 
Chlorophyll, alcoholysis of, 25, 193 
as a chromoprotein, 227, 450 
concentration of, and rate of 
photosynthesis, 232 -4, 241 
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possible chemical role played in 
photosynthesis by, 238 
production of, necessity of light for, 
'171,205,232,245,34.3 
of carfooliyd rides for, 205 
of iron saltvS for, 245, 343 
of other nutrients for, 170, 
245 

of oxygen for, 232 
solvents for, 226-7, 423, 442 
state of, in chioroplast, 226-9 
Chlorophylliiis, a and b, 194, 442 
Chlorophylls, a and h, absorption of 
lisht by, 226-9, 249 
chemistrv of, 171, 184, 187, 194, 413, 
417, 441-2, 450 
relative proportions of, in 
chloroplasts, 226 
separation of, 442 

Chlorophyll, bacterio-. See Bacterio- 
chlorophyll, 

Chloroplasts absorption of light by, 
6, 223, 226-30, 255 
activity of, 151, 154, 177, 183, 197, 
222, 226-34, 236-7, 242, 245, 345, 
361 

chemical constituents of, 9, 11-12, 
175-6, 220-31, 235 
fluorescence of, 227 
guard cells and, 162-3 
pigments of, 9, 226-30, 416-17, 
441-2 

protection of, 394 

protoplasmic or enzymic factors in, 
231-46 

starch in, 172, 197, 214, 224-5 
structure of, 7, 183, 228 
Chlorotic plants, 10(>, 176, 245, 343 
Cholesterol, 417 
Choline, 184, 194, 228, 440 
Chromatogram, 417, 442 
Chromium, 109 
Chromoplasts, 416 
Chromosomes, 7, 13-14, 443 
Cineole, 171 

Cinnamic alcohol, 414, 425 
aldehyde, 425 
Citronelial, 415 
Citronellol, 415 
';C!imacteric,211~l2,.291- 
Climbing plants, 390, 302-3 
Cobalt, 169 
Cocaine, 187, 443 

Coenzyme factor, 39. See also l^'lavins. 
Coenzymes, general, 9, 11, 14, 24, 27, 
38, 50, 05, 68, 180, 195, 312-13, 
373,444-5 

cocarboxylase, 24, 25, 50, 60, 68, 
175, 445 

codehydrase I (see also Cozymase), 
175,186 


Coenzymes~-cordtrmed 

■ .codehydrase .11, 24, 38-9, 48, 175 
ISCh 312, 444 

cophosphorylase (o,r , A.D.P. ,or 
A.T.P.), 24, 50, 53-6, 68-9, 175, 
186,287,444. 

cozymase, 24, 38-40, 44, . 47, 48-9, 
50, 55, 57, 60, 08, 308, 312, 444 
Cohesion, 95-6, 130-5, 457 
Collenchyma, 346 

Colloid solutions, in general, 79, 84 
451-6 

dilfiision of dispersed particles 
of, 464-6 

of various metabolic products, 
178, 181, 424, 448 
osmotic pressure of, 469 
^physical properties of, 95-6 , 1 35 
^precipitation of, 449, 454-5 
synthesis of substances in, 181 
state and chloroplasts, 226-7 
and enzy.mes, 65-7 
and protoplasm, 15, 68, 260 
and soils, 96-7, 99-ioi, 454 
of vacuolar substances, 72, 178, 
181,424 

Companion cells, 145, 181 
Compensation point, 151, 345 
Complement, 25 

Composition of plants, 8-14, 170-1 
Conducting systems, 345 
Conduction. " See also Diffusion and 
Translocation, 
of auxin, 365, 370-2, 405-7 
ofsoliites, lateral, 150 

across parenchvnia, 107-8, 112, 
137-8, 141-2;: 150 
in medullary rays, 139, 150, 345 
ill phloem, 126, 139-50, 176, 179, 
220,345 

in xylem, 112, 126, 138-50, 176, 
220,345 

rate of, 138-9, 141-2, 145-50 
of water, general, 71, 111-12, 123-4, 
126-36, 177, 220, 345 ■ 
lateral, 104-7, 132, 345 
Coniferin, 414 
Coniferyl alcohol, 414 
aldehyde, 418 , , 

Copper, 6, 9, 12, 23, 29, 34, 42, 169, 
175 

Cork, 111, 152-3, 173,- 4.81, 346, 349, 
426 

Correlations, 347-9, 365-6, 374, 384 
Cortex, 144, 17,3, 1 82, 345, 374 
Cotton plant, experiments with, 140, 
143-50, 179, 204, 218 
Cotyledons, 37, 178, 182, 208-8, 232, 
286, 288, 299, 359, 371, 382, 407 
Coumarin (and compounds of), 69, 
190,425,435 

Cresol, .414 ■/: 
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Crofonic aldehyde,' 419 . 

Crystalloid solutions, 15, 72, 79, 83, 86, 
146-7, 174, 179, 181, 202, 220, 345, 
426, 448, 451--3, 457, 465, 468-1) . ' , ' 
Cuticle, 111,. 115-17, 152-4, 173, 293, 
345,370,413,426. 

Cutin, 79,111, 173, 174, 179, 181, 184, 
194, 426, 451. . 

CutoceEulose, 173'. 

Cyanhydrins, 419, 434 
Cyanides, physiological effects of, 31-2, 
34, 36-7, 42, 66, 216, 234, 2.36-8, 244, 
257, 303, 305, 307, 311-13 
Cyanidin, 437 ■ 

Cyanin, 437, 439 . 

Cyclic compounds, 190-1 
See also Homoeyclic compounds a7id 
Heterocyclic compounds, 

Cymene, 413-14, 415 
Cysteine, 446-8 
Cystine, 446-8 

Cytochrome, 9, 29, 33, 35-9, 44, 171, 
175, 312, 441 

Cytoplasm, 7, 10-13, 90, 150, 228, 231, 
448, 450 
Cytosine, 443 


Deathtemperatiire, 5, 17 

Delphinidin, 437 

Depside linkage, 194 

Dermal systems, 345 

Dermatogen, 173 

Desoxyribose, 186, 44^, See also 
Nucleic acid. 

Development, changes occurring 
during, 3-4, 136, 170, 173, 179, 
182, 205-12, 232-3, 241, 291 
control of by chemicals, 375-9, 
384-5 

Dextrin, 25, 432, 455 

Dialysis, 22, 453 

Diameter law, 120-1, 155-9 ,■ ■ ^ . 

Differentiation, changes occurring 
during, 173, ' 176, .196-7,. 278, 342, 
345, 364 

Diffusion, of gases, 111, 120, 151-9, 293 
of ■ solutes, 79-93,. 107-9, - 1-37-8,. 

■ 145-50, 178, 2.07, :211, 280 ' 

.of water-vapour, 111, 117-19, 121, 
1.31,. 15.8, 179.; 

Diffusion gradients, for gases, 154. . . 
for sohites, 79, 92-3, 107-9, 137-8, 
145-50, 196-7, 305, 367, 372, 452, 
404 -.^ 

Dimedon, use of, in fixation methods, 
215, 305 

Dimyrist)tcarbinol, 413 

Dioses, 

Dioxyacetme (or Diliydroxyacetone), 
427 


m 


Dioxyacetone phosphate. See 
Triosephosphate, 

Dioxymethylene, 187 
Diphosphopyridine nucleotide. See'' 
Co-dehydrase L 

Disaccharides {see aim Cane sugar, 
Cellobiose, Maltose), 2(J, 106, 171, 
192, 426, 430-3, 437 
Dispersions, 451-6 
Donnan equilibria, 86, 90, 109, 465 
Dormancy, 5, 6, 155, 281, 287 , 348, 
350-1 

Drought resistance, 123-5 

Dry matter, composition of, 170 -1, 361 

Dry weight, 151, 170-1, 206-7, 220. 

222-3, 245, 262, 265, 277-8, 360-3 
Duramen, 126 

Dyes, penetration into cells, 83 -4 


Edestin, 447 

Electric charges, 88, 454, 459 
Electrical conductivity, 80, 83, 85-6, 
88 

Electrolytes, 15, 80-1, 455, 460, 465, 
470 

Electromotive force, 3 
Eliminating systems, 345 
Elimination, 71 

Embryos, experiments with, 205, 382-3 
Emulsion, 19, 451, 457-8 
Emulsoid sols, 16, 448-9, 453 -fS 
Endodermis, 105-6, 343, 399 
Endodiffusion, 80, 82, 101, 465, 471 
Endosmosis, 73, 79, 471 
Endosperm, 178, 207-8, 214, 371, 382 
Energy, as necessary, for absorption of 
solutes, 91-2 

for anabolism, 54, 69, 187, 247-9, 
339 

for secretion, 105 

chemical, 3, 53-4, 69. 98 9, 223, 

258- 61 

electrical, 3, 11, 459 
fixation of, by photosynthesis, 220, 
223, 246 

free, 53-4, 246, 260, 457 
heat, 3, 119, 223, 261, 266, 343 
in various substances expressed as 
calories, 223, 260 

light, 5, 6, 112, 119, 223, 229, 232 
(and later in Chap. Xill), 352 
respiratory, 69, 150-1, 223, 232, 248, 

259- 61, 266, 287, 307, 341-2, 403 
See also Hespiration. 

surface, 457 

transfer of during metabolism, 53. 
69,223,247-9,261 
Enols, 53, 59, 68, 423, 430 
Environment, 4-5, 84-5, 170-1, 179, 
. 184, 342-4, 347, 352-5 . ■ 



i 



Enzymes, general, 12, 14, 20-70, 182, 
187-8, 190-1, 195, 201, 218-10, 
224, 232-8, 235,. 250, 252-8, 
275, 313, 319, 326, 373, 380-1, 

. 444, 447 

activators of, 9, 25, 68, 215, 284 
chemical nature of, 9, 23-4, 29, 
31-2,37-9,42 
iiydrol>i:ie, 24-8, 182, 193 
inhibitors of, 24, 31-2, 34, 36-7, 
44, 57-9, 66, 68, 215-16, 257, 
279-81, 302-4, 306, 309-10 
migration of, 182 
oxidase, direct, 28-31, 70, 213, 
267, 311-12 

oxidation and reduction, 12, 23, 
28-49, 50, 57, 60, 175, 182, 216, 
234, 247-58, 301, 304, 309, 
311-13,323,336,369,373 
purification of, 20-4, 450 
respiratory, 18, 31-2, 35-7, 48, 
279-80, 282, 286, 291, 311-13 
specificity of, 26, 29, 33, 38, 42, 
50, 64, 67-8, 183, 185-6, 216 
synthesis of, 24, 38-9, 175, 379 
synthetic action of, 27-8, 56, 
59-60, 61-4, 69, 192-4, 236, 338 
list of individual, amidases, 27, 68 
aminopherase. See 
Transaminase, 
amygdalase, 26 

amylase (see i also Diastase), i 
25-6,^68-4, 67, 165, 192, 207, 


apozymase, 50, 68 
asparaginase, 27, 69 
aspartase, 49 
bromelin, 27 
carboligase, 188 

carboxylase, 23, 50, 59, 68, 216, 
302-6, 313, 423 

catalase, 12, 23, 31, 34, 37,39,40, 
65, 67, 175, 234, 257, 312, 450 
cellobiase, 26 
cellulase, 25 
chlorophyllase, 25, 193 
citrogenase, 47, 339 
cytase, 26, 182, 192, 207 
dehydrases (dehydrogenases) 
(aerobic and anaerobic), 21, 
! 23, 30, 32-49, 50, 57-60, 67, 
' 253, 303, 306, 31,1-13, 450 
diaphorase. See Co-enzyme 
factor. r 

diastase (see also Amylase), 22, 
177, 182, 216, 224 
ulsin, 21, 26, 28, 67-8, 192, 


, 58 
epsin, 26-7 
--.terases, 25, 68, 193 
fumarase, 44 


Enzymes,. list of individual, amidases— 
continued 

gliitamiiiase, 27, .48, 69 . . 
glyoxalase, 49 ^ 
iiexokinase, 54-5 ■ 
Jiydrogenase, 254--7 
iniilase, 26, 1.92 
invertase (saccharase), lo 2i 
26, 28, 67-8, 192 
lichenase, 26 

lipase, 22, 25, 65, 67, 193, 200 
371, 422 ’ 

maltase, 21, 26, 27-8, 67, 
207,216,310 ’ 

melibiase, 26, 67 
mutases, 49 

oxidase, amino acid, 48, 68 
ascorbic, 40-4, 175, 312-13 

catechol, 29 - 31 , 36 , 42-3, 67, 

■ .312 ’ ’ 

cytochrome, 23, 29, 35-7, 39 
312 ’ 

glucose, 310, 335 
indophenol (see Cytochrome 
oxidase), 29 
maltose, 310 

polyj^henol, 23, 29-31, 175 
papain, 23, 27 
pectase, 173 
pectinase, 193 
pepsin, 13, 22-3, 26 
peptidases, 27, 193 
peroxidases, 21-3, 30, 34, 37, 
42, 67-8, 313 

phosphatase, 25, 50, 55-6, 60 
193, 248 

phosphoglucomutase, 58, 216, 
302 

phosphorylase, 61 - 4 , 68, 216, 302 

protease, 21, 23, 26, 28, 67, 193, 
206, 216 

protopectinase, 173, 2:2 
prunase, 26, 28, 67, 192 
takadiastase, 224 
transaminase, 49 
trypsin, 13, 23, 64, 450 
tyrosinase, 29, 70, 191 311 
urease, 22-3, 27, 188, S13 
yellow enzyme. See TIavins. 
zymase, holo- (;9ee also 
Dehydrases, Carboxylase, 
Cozymase, Cophosphorylase, 
Cocarboxylase), 21, 49-62, 
67-8, 93, 176, 187-8, 213, 216, 
276, 287, 289-91, 2S9-313 
zymohexase, 56 
Epidermis, 173, 181, 345 
Epinasty, 394 

Equilibria, among carbohydrates in 
guard cells, 162-5 
in mesophyll, 197-9, 202, 218 
in potato tubers, 2r5~6, 280 
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Equilibria, electrical, maintenance' of 
. 88 , 101 
ionic, in soils, 101 

resiiltin^j from absorption of solutes, 
86-98, 101, 108 -9, *165 
Essential elements, 71, 06, 100, 107 
H$6 0, 174 S, 210, 246, 851, 858, 88?i 
Esters, 25, 28, 171 , 174, 1 87, 192-8, 212 
871, 412, 415, 417, 420-2, 424, 429- 
80, 488, 442, 445 

Ether, physiological effects of, 282, 281 
Ether linkage, 194 
Ethoxy! groups, 187 
Ethyl alcohol, absorption of i>v cells, 
81, 83 '' i 

as dehydrating agent, 455 
chemistry and occurrence of, 41 3 
oxidored actions involving, 38, 40, 
52, 55, 60-1, 64, 418 
physiological effects of, 81 
possible metabolism of, 187, 289, 
299, 301, 305, 309 
production of, by yeast, 21 , 49 -61 , 
68, 93, 214-17, 302 
by higher plants, 70, 213, 214, 
*216, 264-5, 269, 284-809, 
311-12 

Ethylene, 211-12, 280 

Etiolated plants, 245, 283, 343, 351, 354 

Evaporation, in relation to 

transpiration, 112, 114-23, 131 
pulling force set up by, 131 
Exodififusion, 5, 79, 80,' 81, 82, 84, 86, 
101, 465, 471 
Exosmosis, 73, 79, 471 

Fat solvents. See Lipoid solvents. 

Fats, as anabolic end-products, 184, 194 
as foods, 178, 181, 345, 351, 422 
chemistry of, 171, 413, 422, 446 
conversion of into carbohydrates, 
206, 214, 218, 267, 270 
heat of combustion of, 223, 260 
hydrolysis of, 25, 67, 182, 193, 206, 

. 422 

migration of, 206 

occurrence of, 8, 171-2, 178, 206, 422 
occurrence with sterols, 417 
physical properties of, 415, 422, 451, 
458 

production of from carbohydrates, 
189, 208, 269 

respiration and oxidation of, 182, 
206, 205, 267, 270 

respiratory quotient for, 206, 265, 
267, 270 

synthesis of, 28, 184, 193-4, 208, 
422 

Fatty acids, and cell acidity, 459 

and respiratory quotients of fats, 
267 

us electrolytes, 453 


Fatty acids-ncorijSint^rd 

chemistry and classification 
■422-8 

(‘onversion into carbohydrate*^’ 
206,214 

derivatives of, 181, 228 
occurrence, 171, 206, 208, 214, 
physical pro]>erties of, 423 
proiluction of, from carboiiyd rates* 
46, 188 -9, 208 
from fats, 25, 206, 422 
used in synthesis of fats 
lipoids, 28, 184, 194, 208 
Feeding experiments, 69, 199, 20*? 

217-18, 237, 801, 304-6, 335-9 
Feeding tissue, 41 , 1 80, 208 -13, 345 , 

Fermentation, alcoholic, 2, 21, 

49 -61, 67-8, 93, 188, 195, 214' 
264, 287, 295, 297, 300 -4, 309, 33^* 
429 

Fibre, 171 

Fibres, 180, 259,362 
Fixation methods, 214-15, 303, 805 
Flavins, compounds containing 
also alloxazine nucleotide 
coenzyme factor), 23, 39-40, 67, 24*7* 
312, 880,423, 444, 450 
Flavonic substances (anthoxanthbi^)’ 
84, 171-2, 185-6, 190, 435-9 
Fiorigen, 385 

Fluoride, effect of, on glvcoiv sis 58, 
216, 304 

Food reserves, general, 178-9, 205-8, 
270, 351, 448 

mobilization of, 178-9, 182, 

195, 205-8 

Food substances, green leaves 
manufactories of, 197-204, 205 
nature and sources of, 5, 
99-101, 166-70, 171, 175, 17B 
organic, production of, from 
materials, 5, 71, 175, 345, 351 
storage of, 93, 146, 178-9, 
204,345 

translocation of, 180-1, 197, 

210, 345. See also Conducti<^^^ 
of solutes, 

utilization of, 3, 180-1, 207, 
341-;^, 345, 355, 365, 410 
Formaldehyde, 187, 214-16, 217, 

237, 418-20 
Formaldomedon, 215 
Fresh weight, 170, 262, 277 
Fructosans, 177, 192-8, 198, 

272-3, 276, 432 

Fructose (active) (fructofuranose), 
component of 
hexosephosphates, 52- 6, 
183, 276, 429-30 
of cane sugar, 183, 276, 

431 

of inulin, 429 
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Fructose, chemistry of, 429 
deactivation of, 184, 277, 429 
oxidation of, 276, 430 
Fructose (nornici) (friictopyrauose), 
activation of, 183, 276, 430 
chemistry of, 429 

concentration of, in green leaves, 1 97 , 
224, 273 
in apple, 209-11 

intramolecular conversion of, 1 83, 
218, 276 

occurrence, 72, 172, 178, 197, 209-11, 
273 

oxidation of, 273, 430 
produced bv hydrolysis, 25, 67, 273, 
431-3 

syntheses involving, 192, 218 
zymase cleavage of, 50, 68 
Fruits, metabolism of, 318-20, 335, 
See ako Apple. 

Fucoxanthin, 417 

Fungi, 97-8, 183,217, 259 271,283, 318 
(and later in Chap. XV), 372, 380-2 
Fur an, 429, 435 

Furanose sugars, 52, 54-6, 183, 186, 
276, 429-31, 435 
Fusel oils, 50, 288 


Galactans, 26, 192-3, 276, 432-3 
Galactose, 26, 50, 67, 181, 183, 192-3, 
217, 276, 424, 426, 427-8, 430-1, 437 
Galls, 374-5 

Gaseous exchanges, 47, 71, 111, 151-65, 
166, 177, 184, 221, 249, 259-70, 
305, 321 (and later in Chap. XV), 
346 

See also Carbon dioxide, 

Intercellular spaces, Lenticels, 
Oxygen, Photosynthesis, 
Respiration, Stomata. 

Gels, 16-17, 96, 173, 455 
Geotropism, 347, 390-2, 398-400, 

408-9 

Geranial, 415 
Geraniol, 212, 415 
Germination of seeds, delay of, 
through dormancy, 6, 350 
depressant elfect of carbon 
dioxide on, 6, 155, 281, 351 
energy liberated in respiration 
during, 261, 266 

loss of dry weight during, 206, 265, 
360 ' 

metabolism during, 182, 205-8, 
265, 267-70, 295, 297-9, 305 
migration of solutes during, 137, 
207-8,370-1,382-3 
necessary conditions for, 6, 349-52 
Glands, secretory, 172, 345 
Gliadin, 209, 447-8, 451 
Globulins, 8, 448, 455 


Glucosans, 192-3, 218, 432-3 ■ 

Glucose, as a component of liigher 
carbohydrates, 430-3 * 

of glueosides, 43;>--t) 
chemistry of, 427-3>0 
concentration of, in green leaves, 
197, 205, 273 
in apples, 209-11 
conversion into xylose, , 1 93, , 430 
diameter of molecule of, 452 
diffusion of, in solution, 465 
heat of combustion of, 223 
intramolecular conversion of, 183 
218-19, 276 

occurrence of, 72, 172, 178, 209-11, 
272-3 

osmotic pressure of solution of, 470 
oxidation of, 34, 273, 310 
production of, in photosynthesis, 
183 

by hydrolysis, 25-6, 67, 207, 430, 
432 

syntheses involving, 27-8, 192-3, 

‘ 200, 218-19, 425 ' 
zymase cleavage of, 49-56, 68, 93, 
287 

Glueosides, 20, 28, 67, 171, 183, 276, * 
414, 419, 425, 434-5 
Glutamine, 27, 46, 48-9, m, 179, 187, 
202-4, 206-7, 450 
Glutathione, 9, 40, 49, 312, 448 
Glutelins, 209, 448, 451 
Glyceric aldehyde, 427 
Glyceric aldehyde phosphate. See 
Triosephosphate. 

Glycerol, 25, 50, 82-3, 184, 187, 194, 
206, 217-18, 287, 302, 309, 334, 337, 
413, 422, 427, 440, 453, 465 
Glycine, 446-8 

Glycogen, 51, 54-5, 61, 335-7, 432-3, 
453 455 

Glycollic aldehyde, 418, 427 
Glycols, 413, 418,427 
Glycosides, as plastic substances, 179, 
271 

chemistry of, 171, 414, 425-6, 427, 
430, 433-38, 443-4 
functions of, 180 
hydrolysis of, 26, 69, 182 
occurrence of, 172, 224 
solubilitv and precipitation of, 224, 

■ 451 ■ ■ ■ 

synthesis of, 186, 192, 205 
See also Glueosides., 

Glyoxal, 418, 420 

Growing regions, 4 26, 128, 132-3, 137, 
197,^ 200,: 204-5,:,,341-2,; 3444 ■' 
Growth, in general, .Gliap. XVI 341-63 
^ necessary conditions for, ' 5,,: 

71„,111, 123, 167-9, 175,: 259,,' 
: 349-52,. 364, ...374, 378, . 379-81, :. 

' ■ ■■■: 383-4." ' 
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I Growth, in general — coniimied ' 

I and respiration, 207, 262, 260, 

\ 278 ■ , ' ■ 

^ cha-nges in dry weight during, 206, 

1 265, 278, 360-S”' 

chemistry of, 5, 175, 180-4, 182, 

. .186, i,92, 196-7, 199, 204-4), 

SSO—l* 

J conduction of solutes and, 168 

'!j nioveinent and, (growth 

^ curvatures), 346, 358-9, 365-9, 

' 386-95, 397-8, 402-10 

trace substances influencing, 168- 
j ; 9, Chap. XVII 364-85 

;■ Guanidine, 446, 450 
Guanine, 443 
Guard cells,' 159-65 
^ Gum arabic, 192-3 

I guaiacum, 29, 30 

^ Gums, 172, 18l', 192-3, 345, 426, 432, 

453-5, 469 

H^matin, 30, 32, 441 
Haemochromogens, 9, 23, 31, 35, 175, 
313 441 

Hsemoglohin, 222, 441, 452 
Half-leaf method, 222-3, 265 
Halophytes, 73, 77 
! Haptonasty, 389, 394-6, 400 

I Haptotropism, 389, 394-6, 400 

( Heats of combustion, 223 

S Heliotropism, 389 

, See also Phototropism. 

^ Hemicelluloses, 26, 79, 173-4, 178, 181 , 

192-3, 206, 208, 270, 276, 432-3, 
451 

Heterocyclic compoimds, 189-91, 435- 

■"Vin 

Hexosans, 426, 432-3 
Hexosephosphates, 25, 38, 43-4, 52-6, 
61-4, 68, 183-4, 193, 198, 218, 237, 
247,276,302,429-30 

\ Hexoses (see also Fructose, Galactose, 

i 'Glucose, Mannose), chemistry of, 

183,190,427-30 

conversion of, into cane sugar, 28, 
145, 197-9, 220, 430-1 ' 
into pentoses, 186, 267 
. into starch; 197-9, .217-19, 220, 
.y 432 

diffusion of, 145 

fates of cleavage products of, 187 
general metabolism of, 184, 186, 
197-9, 223,' 237, 284, 287, 297, 
300,302,308 

occurrence of, 171, 178, 196, 273, 276 
production of, in photosynthesis, 
196-9, 219, 220, 222 
See also Fructose, Galactose, 
Glucose, Mannose. 

Histidine, 443, 446-7 
Holoenzymes, 24, 37-9, 373, 444 


Homocyclic compounds. See Benzene. 
Hormones, 179, 182, 349, 351-2, 364, 
374, 377, 382, 384-5, 410-11, 445 
Humic acid, 97 

Humidity of air and I raiispiratioix, 
117-18, 354 

Humus, 97-101, 103-4, 166 7 
Hydrion concentration, in general, 
315-17,335,459-64 
and absorption, 88, 102 
and anthocyauin <^olou^, 

438-9 

and enzymes, 21-2, 25, 62, 
65-7, 164, 215 
and p'owth, 1 67, 350 -1 
and iinbibitioii, 456 
and permeability, 6, 19, 84 5 
and protein behaviour, 9, 1 9, 440 
and stomatal movement, 162-5 
and the viscosity of hydrosols 
455 

of protoplasm, 17 
effect of photo svnthesis oji, 
162-5 

of buffers on. See Buffers, 
of respiration oii, 162-5, 460 
of plant sap, 9, 202, 315-17, 
320, 439 

Hydrocarbons, 171, 188-9, 412-17 
Hydrogen, 166, 171, 184, 235, 248-9, 
252, 254-7, 452 

Hydrogen acceptor, 30, 32-44, 46-8, 55, 
57,60,255,312,418 
Hydrogen cyanide, activation of amylase 
by, 284 

of papain by, 27 
fixation by, 215 

induction of zymasis bv, 2HI, 265, 
268-9,303’ 

inhibition of oxidation by, 24, 
247, 280-1, 307, 311-12 
See also Cyanide, 
production of, by enzymes, 26, 
69, 434 

Hydrogen donator, 31, 32-44, 46-8, 55, 
57, 60, 249-55, 312, 418 
Hydrogen peroxide, 30, 31, 36-7, 39-40, 
42, 64, 67, 312 

Hydrogen sulphide, physiological effects 
' of, 24, 31-2, 36, 66, 265, 268-9, 
303,312 

oxidized by bacteria, 247 
photoreduction by, 250 
Hydroquinone, 34, 414 
Hydrotropism, 389 , 393 
Hypertonic solutions, 73, 81, 469, 471 
Hyponasty, 394 

Hypostomatal leaves, experiments 
with, 115-17, 119, 153 
Hypotonic solutions, 73, 77, 82, 84, 
86,469 

Hysteresis, 456 
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ImblWtioni; 72, 102~3, 135, 138, 342, 
. , ■ 451,454, 456 ' 

: : Imitxazole, 191, 441, 443, 446 
; iBdkaii, 171,443 
Indicators, 80, 164, 438, 463 ' ' 

Indigo, 443 

• Indole, 191, 440, 442™-3, 446 
Inheritance, factors oi; 3, 343-4, 
352-3,450 

Injnry, and permeability, 83, 84-5 
as stimulus to growth, 348, 384 
conditions causing, 5-6, 79, 81, 83, 
84-5, 125, 166-9, 176-8, 203, 213! 
290, 455 

correlative readjustments following, 
347 

prevention of, 203, 213, 214 
See also Woimd-stimuius, 

Inositol, 186, 380, 415 
Insectivorous plants, 394-5, 396-7 
Integration of activities, 346-9, 365 
Intercellular spaces, 71, 152, 154-5, 
164-5, 221, 293-4, 327, 346, 387, 
'451,456 

Inulin, 26, 172, 178, 181, 102, 429, 432, 
453-5 ’ 

lodoacetates, biochemical action of, 
57, 216, 303, 309-10 
Iron, 9, 10, 12, 23-4, 30, 31-2, 34, 37, 
40, 99-100, 166-7, 171, 173, 175-6, 
184, 222, 236, 247, 326, 343, 426, 
433, 439, 441 

Irritability, 4, 386, 388, 395-400 
Isoelectric point, 9, 90, 449 
Isoleucine, 446 
Isoprene derivatives, 415-18 
Isopropyl alcohol, 251, 419 
Isoquinoline, 440, 443 
Iso thiocyanates, 413, 435 
Isotonic coefficient, 81, 470-1 
solutions, 73, 81-2, 86, 469 


Kaempferol, 436 
Katharometer, 270 

Ketones, 171, 182, 257, 415, 418-20, 
429, 439, 453. See also Dioxyacetone, 
Fructose, a-ketoglutaric acid, 
pyruvic acid. 

Klinostat, 391, 400-2, 409 


Leaf area, 104, 177, 222, 352, 363 
Leaves, energy exchanges in, 5, 112, 
228 

metabolism of, 5, 69, 141-5, 177, 
.182, 196-204, 216-19, 224-5, 

231-40, 265, 271-5, 288, 290, 295, 
299, 304, 308, 321 (and later in 
Chap. XV), See also Enzymes, 
Lecithins, 11, 25, 171, 184, 193-4, 206, 
413, 423, 439-40, 455 


Lecithoprotein,' 450 
Lentkels, 71,. m, 152, 293, 346 
Leucine, 223, 446-7 
Leucoplasts, 172 
Lkhenin, 26, 433 
Light and germination, 350 
and growth in length, 343 ■351 
354-60, 373, 402-7 " 

and metabolism of STeen relk 
197-205, 207, 

(and later in Chap. 

■A.V j, 34o 

and plant movements, 4, 389 
392-5, 397-8, 401-10 V 

and stomatal movements, 159 
162—5 ’ 

of solutes, 85, 91, 

and transpiration, 113, 116, 118-19 
etfect of, on auxins, 358-9, 407 
intensity of, influence on rate of 
photosynthesis, 150, 158, 196 
221, 225,240-6 ’ ’ 

not always necessary for synthesis 
181,199-200,205,223 ‘ 

wa^’elength of, and chloroplast 
pigments, 227-31 
and dissociation of CO- 
hmmochroniogen, 32 
and^ formative influences, 6, 343, 
3o2 

and photosynthesis, 5, 150, 158 
196, 225, 229-30, 352 
^ and stomatal movement, 3 02-5 
Lignin, 79, 173, 173-4, 181, 184, 194 
414,418,451 
Lime, 96 

Limiting factor, 242 
Limonene, 415-16 

Lipoid, 8, 11-15, 18-19, 83, 175, 223 
226, 228, 23o, 341, 369, 450 
solvents (or fat solvents), 11, 34, 
19,226-8,416-17,423 
Lipoprotein, 8, 11, 206, 423 
Lysine, 189-90, 446-7 

f 

Magnesium, 9, ll, I8, 24, 50, 52, 54, 
59, 60, 68, 85, 87-8, 99, 100, 166-7, 
171, 173, 175-6, 184, 214, 216, 313, 
,415, 426, 433, 441-2 
Malol, 413 

Maltose, 25-8, 208, 214, 216, 224, 431, 
433 ■ 

Mandelonitrile, 183, 419, 434 
Manganese, 9, 11, 169 
Mannans, 26, 192, 276, 432 
Mannitol, 334, 337, 413 
Mannose, 26, 50, 68, 181, 183, 192, 218 
276, 428, 430, 432 
Mass action, 27, 90, 420-1 
Mechanical systems, 174, 346 




SUBJECT INDEX 


Mcclullary rays, 139, 150, 182, 345 
Melanin, 29, 188, 191 
..MeliMose, 26, 67, 432 . ■ 

Menttiol, 416 ■ 

Meristematic tissue, 11, 49, 72, 176, 

■ 178, 180, 200-1, 204-7, 278, 341, 
•344-5, 350,377,382-4 
,Mesop!iy!l,:145, 154, 162-3, 165, 181, 
199, 202, 204, 223, 382 
Metabolism, general, 3, 5, 20, 50, 
68-70, 166-219, 342, 344-5, 
383, 412, 415, 417, 421, 422-3, 
431,436 

directive nature of, 3, 68, 183, 
185,412,433,439,448 
power of, and solute absorption, 
90-2, 108 

and water absorption, 373 
products of, chemistry of. 

Appendix I, 412-450 / i 

classilication of, 171 
distribution of, 172-4 
functions of, 174-80 
Metamorphosis, 343 
Methoxone, 379 

Methoxyl groups, 187, 414, 435, 437 
Methyl alcohol, i87, 194, 413, 418, 442 
Methylene blue, absorption of, 80, 84, 
92 

as hydrogen acceptor, 33, 37, 39 
Methylglyoxal, 49, 50, 187, 191, 302, 
308, 420, 423, 430 

Micellae, 10, 15, 23, 31, 66, 68, 172-3, 
452 

Microchemistry, 10-14, 172, 261, 266 
Micro-organisms, 1, 94, 97-9, 101 
Mimosa, 387, 389, 395-7, 400, 410-11 
Mineral matter, 8, 41, 71, 166-8, 174, 
353-4 

Mitochondria, 7, 11 
Molar Rolution, 470 
Molybdenum, 169 

Monosaccharides (sec also Hexoses 
and Pentoses), chemistry, 413, 
423, 427-30 , ■ 

conversion of, into polysaccharides, 
184, 432-3 if 

into glycosides, 192-3, 43o“4 
occurrence of, 8, 106, 139 
photosynthesis of, 181 
production of, by hydrolysis, 25, 
430-4 

Morphogenesis, 375, 385 
Motor systems, 346, 387, 395-40 
' Movement, 4, , 259, Chap. XVIII 
' Mucilage, '79,.. 124, 172, .d 74, 179, 181, 
192-3, 345, 432-3, 3, 455 „ 

Mustard oils, 434 

seedlings, roots of, light-growth 
response of, 357 
phototropism of, 392, 402, 404 
Myricetin, 436-7 


Narcotics, 6, 31-2, 84, 155, 232, 257, 
279, 281,326, 351, 305 
Narcotine, 187, 443 
Nasties, 388-9, 394-5, 410 
Nectaries, 180, 345 
Nickel, 169 
Nicotine, 443 

Nicotinic acid, and compounds 

containing, 247, 880, 384, 423, 
440,444. See also Codehydrases 
I and II, 

Nitrates, 28, 80, 91, 98-101, 146, 167, 
179, 188, 199-201, 247, 315 
Nitrites, 28, 98, 184, 188, 200, 247 
Nitrobacter, 98, 247 

Nitrogen, as an essential element, 166, 
175,279 

gaseous, fixation of, 98 

production of by green pi ants , 2( )0 
in soil, 98 

metabolic products containing, 
catabolism of, 26-7, 48-9, 178, 
202-4, 206-7, 216, 272, 274, 
279, 288 

chemistry of, 489-50 
formation of, 46, 48-9, 144, 184, 
189-91, 199-205, 208-9 
list of, 171, 175 

storage of, 146-8, 178-9, 202, 
204, 206-8 ' 

translocation of, 144-8, 178-9, 
202, 206, 208, 220 
sources of, for plant nutrition, 167 
Nitrogen cycle, 98 
Nitrosomonas, 98, 247 
Nonacosane, 12,413 
Nuclein, 13, 208,450 
Nucleoprotein, 8, 13-14, 206, 450 
Nucleosides, 186, 194, 444 
Nucleotides, 9, 14, 23 4, 88-9, 53-61, 
175, 184, 444,450 
Nucleus, 7 

chemistry of, 11, 13-14, 176, 443, 
448, 450 

division of, 259, 341, 344, 389 
Nutations, 387, 389, 390, 403 
Nutrient solutions, 379-83 
See also Water cultures. 

Nutrition, 3, 5, 71, 96, 98-9, 139, 151, 
166-9, 175-9, 196, 205-8, 245-6, 
344-5, 351-2, 379- 84, 390, 392 

Oat, coleoplile of, growth of, 365 -8 
geotropism of, 408 -9 
light-growth response of, 357 9 
perceptions of stimuli by, 340, 
397, 405, 408 

phototropism of, 365, 397, 400, 
408-7 

Oils, essential, 172, 179, 345, 414-15, 
418,422,451 
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Oils, fatty, 372, 415, 451 
_ See also Fats. 

Optimum temperature, 283, 354. 363 

Organization resistance, 212, 280 

plant members, 4, 343 
388 

■ Ornithine, 190,446 
Orthotropism, 388, 390 
Osmosis {see Endosmo&is and 

Exosmosis), 71-2, 342, 345, 467-8 
usmotic pressure, and absorption of 
water, 72-8, 102-7, 174 
and growth, 6, 167, ,342, 350 

and stomatal movements, 161-5 
and suction pressure, 75-8 
changes of, during plasmoivsis 
73-4,76, 81-2 ' ^ 

general, 467-72 

methods of determining, 74-5 78 
ot cell sap, 73, 75,7'8, 174 

resulting from, 133, 

loo, 138 

Oxygen, activation of, 28, 31-2 
and respiration, 31-44, 46-8 151-2 
266 - 70 ; 

277-9, 284-7, 300, 304-13 

plants, 

concentration of, in internal 
atmosphere, 154-5 
and solute absorption, Ol-*? 

108-9, 218, 259, 286 
and translocation of solutes, 150 
and zymase activity, 301, 304, 308 
l?reen plants, 5, 259 

measurement of, 221-2, 262-4 284 
necessary for eblorophyll tbrmatiou, 
232 

for movement and lumiiiositv of 

bacteria, 222 ‘ 

for plant movement, 391 , 395 
for root pressure, 105-7 
possible activation of hexoses bv 
284,307 

production of, in photosynthesis, 
151, 154, 220-1, 225-6, 232 
234-6, 249, 252, 253, 255, 320 
(and later in Chap. XV) 
by catalase, 31, 37, 39, 40, 236-7, 
312 * 

by leaf extracts, 12 
supposed restrictive effect of, on 
carbon loss, 295-9, 307-9 
uptake of, and oxidation systems, 
3*.-6, 39, 42-4, 64, 264, 300 
302, 306, 312 V 

in non-respiratory processes, 70, 
189, 213, 267-8, 311 
water relations and, 132 
See also Root pressure and 
Secretion, 


Parthenocarpy, 378 
Pectic substances, 171-4, 176.181 isj 
. 187, 192-4, 212, 426, 432, ’ 451; 

Pelargonidin, 437 

111= 179, 186, 192-3, 225 

427, 432-3 . 

. Pentoses (see also Arabinose, Ribose 
Xylose), 171, 186, 193, 267, 427, 429 
433,443 

Peptide linkage, 193, 447 
Peptides, 27,40, 193,447 

*45^®®’ 

Pericycle, 105, 173, 181, 345, 377 

Permeability, coefficients of, 81 

18. 79-86, 107, 188, 464-8 

of cell walls, 72, 79 

solutes, definition, 

0 . 6—0 ’ 

of protoplasm, 19, 72, 79-86 no 

280, 360, 373, 472 41J, 

Phaseolunatin. See Linamarin. 
Phellandrene, 171 
Phellogen, 1 73, 341 , 345, 884 
Phenols, 29-30, 79, 80, 84, 171-2, 184 

180:^. 194, 268, 31lll2. 413l?t’ 

Phenylalanine, 31, 36, 66, 216, 446-7 
Phloem, 108, 126, 139-50, 173 173 
178,202,204, 220,345 ’ ’ 

Phloroglucinol, 265, 414 
Phosphates, inorganic, 9, 11, 25, 50-63, 
08, 97, 100, 140, 167, 176, 187 
! 248, 279, 313, 315. 429, 46i; 

‘il04 ' , 

or^nie. See Cocarboxylase, 
Co-dehydrases I and II, 
Cophosphorylase, 

Hexosephosphates, Lecithin, 

JNucieic acid. Nucleotides, 
Phosphatides, Phosphogiy ceric 
and Phosphopyruvic acids, 
rriosephospbates. 

Phosphatides, 8, 15 
See also Lipoids. 

93. 184, 194. 

228, 415, 433, 440, 443-5, 461 ^ 
Phosphorus, 12, 13, 97, 140 148 ^ ' 
166-7,171,175,184 • • ■ ' ■ . 

Photonasty, 389, 394 ' 

Photoperiodism, '355, 385' 

Photoreduction (as anaerobic 
photosynthesis), 252-8 
Photosynthesis, and acid metabolism, 
322 (and later in Chap. XV) 
and control of stomatal moveinents, 
160-5 ■ 

and respiration in green tissues, 151 . 
235,283 
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Photosynthesis, as a . buffering process, 

, 461 ■ , 

• by bacteria, 249-52 ^ 
chemistry of, general,. 1 83 , 251-4, 25 6 
the dark chemical phases, 234- 
44,252,257 

the formaldehyde hypothesis, 187, 

. .. .214-15,. 217* 235,420, 

the photochemical phase, 234-45, 
253, ,250-7 . 

the production of carbohydrates, 
143, 145, 187, 196-9, 201, 205, 
219, 224-5, 230, 234, 246,- 249, 

' 258, 272, 283 

energy relations of, 5, 91, 112, 223, 
246, 249, 352 ' 

flashing (or intermittent) light and, 

233, 240 

gaseous exchanges connected with, 
71, 151-4, 220-2, 235-7, 246,249, 
252, 256, 259 

induction phases in, 236, 239, 256 
in general, 220-46, 249-58 
inhibition (or depression) of, 231-2, 

234, 237-9, 244 ■ 
lag in, 232 

rate of, general, 155-9, 108-9, 201, 
221, 225, 232-3, 240-6, 254-6, 
283, 327, 361 

influence of diffusion factor on, 
158, 242 

tissues functioning in, 181, 183, 345, 
390,392 

Photosynthetic efficiency, 223 
quotient, 253, 325 
unit, 233-4, 241 
Phototaxis, 389, 392 
Phototropism, 356, 365, 389, 392-3, 
397-8,400-7,409-10 
Phycoerythrin, 450 

Phycomyces nitens, sporangiopliore of, 
light-growth response of, 357 
phototropism of, 403-4?, 407 
Phyllochlorin, 228 
■ Phytin, .25, 415 

PhytOl, 188-9,. 194, 228, 417, 442 
. Pigments, 29, 70, 180-1, 226, 235, 31.1, 

.. .345, .' 450. See also Anthocyans, . 
.. Carotiiioids, . ., Chloropiast, . .and 
,:Flavonic substances. 

Piperidine, 440 ■ , 

Plagiotropism, 347, 388, 390, 409 ' ^ . 

Plasmatic membranes, 17-19, „83, 458 
Plasmolysis, 73-5, ' 78, 80-2 
Plastic substances, 172, 174, 178-9, 295 
Plastids, 7, 101, 176, 181, 417, 436, 442 
...Plastin, 13, 206' ,, ., . 

Plegetropism, 400 

Poisons, 6, 66, 84-5, 169, I HO, 203, 214, 
270-80, 351, 450 
Polar groups, 15, 228, 459 
Polarity, 370, 372, 377 


Polypeptides, 26-7, 171, 193, 447 
Polysaccharides, as food reserve, ItO, 
179 192 271 

' chemistry of, 171, 184, 426-7, 430, 
432-3 

colloidal solutions of, 453 
diffusion of, in solution, 405 
formation of, 177, 192 -3, 208 
hydrolysis of, 25, 192, 224, 432, 469 
occurrence of, 8, 174, 198, 224, 272 
osmotic pressure of solutions of, 469 
types of, 174, 192, -1452- 3 
Porometer, 153, 159-00 
Porphyrins, 23-4, 29, 171, 175, 228, 
441-2 

Potassium, 9, 11, 19, 72, 85, 87, 90 2, 
99-101, 108-9, 148, HS6-7, 172, 
176-8, 246, .279, 315, 439 
Potassium hydrogen sulpha! e. 435 
Potato, experiments with tul»ers of, 
29, 62-3, 77, 91, 111, 139, 275 6, 
280, 284, 288, 290, 299, 302, 373, 
384 

Potometer, 113-15, 127 
Presentation time, 391, 398. 400- 2, 
408 

Prolamins, 448 
Proline, 190, 447 

Prosthetic groups, 23-4, 29, 38 9, 444, 
450 

Proteids, 450 

See also Copper proteids. 

Proteins, and celbacidity, 400 
as ampholytes, 63, 07, 90, 449 
as anabolic end-products, 185, 193, 
412 

as food-reserves, 178, 181, 206-9, 
345, 351, 447-8 

chemistry of, 171, 175, 185, 445- 8 
chromo, *227-9, 231, 235, 450 
classitication of, 448 
coagulation of, 17, 66, 449 
conjugate, 23, 227, 450 
difiTusion of, 465 

enzymes as, 21-4, 29, 38-9, 42, 67, 
450 

heat of combustion of, 223, 260 
hydrolysis of, 26-7, 64, 67, 179, 193, 
'202-3,206-7,210,274,447 
occurrence of, 8, 14, 11-14, 17, 18, 
83, 139, 142, 146, 172-3. 178, 220, 
228,341,371,448 
oxidation of, 265 , 27 0-2 , 27 4 
physical pro] KU’ties of, in cells, 83 
physical state of, in aqueous systems, 
14-39, 85, 44-8-9, 451-5 
precipitation oh 227, 449 -50 
respiratory quotient for, 267, 274 
svnthesis of, 97, 177, 184, 193, 199 - 
■ " 201, '^204- 5, 207-9, 220, 223, 341, 
447' ' . 

variaV)ilitv of, 14, MH. 450 
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' ' 1 ^ 0160565 , 193 , 447-9 , . 

Protoplasm, as a ehemicany active 
system, 20-70, 211, 180-94, 213- 
■19, 231-58, ,260, 271, 279-80, 283, 

, ,31,3 

biochemistry of gro%vt,h of, 175, 178, 

■ ' 180-1, 204-5, 207, 209, 341 
chemical constituents of, 8-14, 172, 
174-6, 374, 380, 417, 439, 450 
circulation of, 4, 5, 138, 149, 389 
general, Chaps. I, II, III, 1-70 
physical properties of, 14-19, 90, 
172, 449 

Protoplasmic connections, 138, 348-9, 
396 

Prulaurasin, 69, 434 
Prunasin, 26, 67^ 434 
Ptllvini, 365, 387, 394, 397, 410 
Purines, 8, 171, 191, 441, 443-4 
Pyran, 429, 435 

Pyranose sugars, 183, 190, 276, 428-9, 
431,433,435 
Pyridine, 440, 443-4 
Pyridoxin, 247, 380, 423, 440 
Pyrimidine, 191, 384, 441, 443, 445 
Pyrogallol, 414, 425 
Pyrrole, 440-2 
Pyrrolidine, 440, 443 
Pyruvic aldehyde, Methyl 
glyoxal. 

Quercitin, 435, 437 

Querdtrin, 435 

Quinine, 443 

Quinol, 414 

Quinoline, 440, 443 

Quinone, ortho-, 30-1, 34, 43, 312 

Radio-active substances, experiments 
with, 60, 91, 140, 236, 329, 337-9 
Radish, hy}>ocotyi of, light-growth 
response of, 359 

phototmpism of, 405-6 
Raffinose, 26, 67, 208, 429, 432 
Raw materials, 5, 71, 174-5, 184, 197, 
345 . ; 

Reaction time, 400, 411 
Relative transpiration, 114-15, 118- 
19, 121 

Relaxation time, 400, 402 
Resin, 116, 172, 181, 184, 194, 345, 
415-7 6,424,451,455 
Resorcinol, 414 

Respiration, anaerobic, general, 214- 
15, 219, 259, 264-5, 268-9, 284 - 
309 

extinction point of, 285-6, 298-9 
and dry weight, 206-7, 222, 259, 265, 

; 361 

; and growth, 182, 211, 342, 351 
and life, 3, 182 


Kespkatton and stomata! movement, 

buffering from, 461 • 
chemistry of, 28-49, 206-7, 214-17' 
276, 291, '299-313’ , ’ 

.energy relations of, 3, 5, '91, 105, 138 
150, 176, 205, 223, 259-61 287 
oee aZ^o Energy. 

gaseous exchange connected with 
71 151-2, 154-5, 221, 261-4 * 
o6c (ilso Carbon dioxide and 

Oxygen. 

m general, Chap. XIV, 259-313 
inhibition of, 31-7, 42, 216, 310 
intensity of, 176, 277-9 
of apples, 210-13, 268, 276-7, 284r6 
292-4 ’ 

of germinating seeds, 205-7, 266 
268-70, 275-7, 279, 281, 286, 297,’ 

°^2fr27lt7®®’ 

of potato tubers, 275-6, 280 
of sunflower plants, 278 
protoplasmic, 271 

rate of, 177, 210-13, 271-87, 291-9, 

absorption, 88, 92, 

Respiratory quotient, 206-7, 212, 263 
266-70, 274-5, 284, 306, 312, 32J1 
(and later in Chap. XV) 

Rhamnose, 426, 435, 437 
Ribose, 186, 427, 443-^1 
See also Nucleic acid and Nucleotides. 
Ring formation, 189-91 
Ringing experiments, 126, 139-41 
J44-5 ’ 

Ripening, chemical changes occurring 
in, 210-13 ^ 

Root hairs, 102, 105, 845 
pressure, 104-6, 129-30, 135, 

1 38 

Roots, absorption by. See Absorption, 
auxins and, 368-9, 370-1, 373-5, 
377-8, 408-9 
formation of, 375, 377 
geotropism of, 347, 390-1, 398 
growth of, 103, 199, 205, 341-2 
382-4, 345-6, 351, 357, 368-9, 

, 370, 377, 383-4, 391, 445 
hydrotropism of, 393 
metabolism of, 181, 205, 333 
perception of stimuli by tips of, 346, 
398-400 

phototropism of, 392, 402, 414 

Sacs, Uielabolic products located in, 
172, 174, 180, 345 
Saiicin, 26, 67, 414, 434 
Saligenin, 414, 434 
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Salts, iiiorgaiiic. or iiiinerai, absorption 
of, 88-9S, 107-9, 140.' , See 
< 2 feo Absorption of solutes. 

' conduction of, 138-40, 148 
distribution of, 8, 10--1 1 , 1. 5, 172, 

. . . 174, 451 :■ 

essential for growth, 350-1 
\ functions of, 174-8,' 184, 279, 
353 

in culture solutions, 166-8, 
,379-83 

osmotic pressure of solutions 
of, 72, 174, 471 

permeability of protoplasm to, 
83 

state of, in solution, 452-3 ! 

syntheses involving, 175-6, 

“ 180-2, 184, 188, 199, 200, 205, 
315 (and later in Chap. XV) 
Sambunigrin, 67, 434 
Sand culture, 166, 175 
Sap, movement of, 127-36 
tensile strength of, 133-6 
tracheal (or from the xylem), 
composition of, 106, 138-40 
Sapogenins, 418 
Saponins, 418 

Saturation deficit, influence on 
transpiration, 117-20, 123, 354 
Scents, 180, 212 
Sclerenchyma, 173-4, 278, 346 
Scutellum, 182 

Secretion, 71, 78, 105-6, 110, 132, 135, 
172-3, 179-80, 259, 345, 395, 450 
Sedoheptose, 322-3 

Seedlings, 34, 182, 200, 282, 299, 301, 
351, 370 

Seeds, dormancy of. See Dormancy, 
germination of. See Germination, 
metabolism of, 205-8, 265 , 268-70, 
275, 277, 279, 283 , 286, 297, 
303, 305, 370-1. See also 
Cotyledons, Embryos, 

Endosperm, Enzymes, 
properties of coats of, 155, 209, 305, 
350 

Seismonasty, 389 
Selenium, 168 
Semicolloid, 452-3. 

Semipermeable membranes, 72-3, 79, 
82, 106, 467-8, 471 

Senescence, 196, 208, 210—13, 210, 28o, 
360 

Sensitive systems, 346 
Serine, 189, 446-7 
Sieve tubes, 71, 140-51, 172, 345 
Silica, 99, 173-1, 180, 399 
Silicic acid, 433 


Silicon, 167-8 
Sinalbin, 434 
Sinigrin, 434 

Sodium, 19, 85 9, 99, 100, 107 


Sodium bicarbonate, as a source of 
carbon dioxide, 221, 255 
Sodium chloride, 89, 452, 465 
Sodium sulphite, as a fixative, {‘or 
acetaldehyde, 215, 303 
Soil solution, composition oh 87, 100, 
167-9 ’ 

osmotic pressure of, 102, 106 
Soils, in general, 94-101, 321 
absorption of water from. "/See 
Absorption. 

chemical changes occurring in, 96 - 
101,107-8 

colloids in, 96, 99-101, 107, 454 
gases in, 94-6 

mineral matter in, 71, 94-6, 99-101, 
106, 167-9, 177-8 

movement of water in, 102-3, 
131-2 

organic matter in. See also Humus, 
96-100 

organisms in, 97-100 
physical properties of, 95-6, 
types and formation of, 94-6 
water in, 71, 95-6, 100-1, 102-4, 100, 
118,123,354 

Solids, occurrence of, in plants, 172-3, 
180-1,451,469 

Solutes, absorption of, 72, 88, 107-9, 
111 

conduction of. Chap. IX, 137-50 
diffusion and passage of across 
membranes, 71-93, 452-3, 464 -7, 
i ■ 471-2 

1 loss of, 71 
Sorbitol, 413 
Stachyose, 432 

Starch, and respiratory quotients, 270 
as index for study of <uArbuiiydrate 
migration, 139-42 

as source of carbohydrates in xyhan, 
139 

as statoliths, 399 400 
as a storage-produet (or reser\'e 
food), 139, 178, 181 , 207 8, 270, 275 
eoncentratiou of, in green leaves, 138, 
190-9, 224-5, 230, 205 . 27 I 3 
in seeds, 207 
ill the apple, 210 

detection and estimation of, 224-5, 
272 

heat of combustion of, 223 
hydrolysis of (or conversion of into 
sugars), 25, 67, 142, 182, 192, 207, 
210, 214, 216, 224, 273, 432-3 

in guard cells of stomata, 161-5 

occurrence of, in general, 139, 172,. 

178, 225, 272-3 
phosphorolysis of, 62-3 
size of molecule of, 433 
solubility and physical properties oi 
solutions of, 451 , 153 5 
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starch, structure and chemical 

composition of grains of, 433 

ar n? glucose phosphate, 
. 62 -3, 185, 193, 195, 198, 216 
m generic, 80, 92, 177, 181, 192-3, 
o* , 19<-9, 217-19, 220, 224-5 

Statocyst, 399 . o 

Statolith, 399 

Sterols, 8, 171, 184-5, 417-18, 423 
“ 395, 

eambial, 347, 349, 376 

'““yin*"- “• 

contact, 389, 393-6, 400 
external, 4, 387, 389 
formative, 4, 6, 343 
gravitational force as a, 281 

389, 390-2. 398-1D2. loS^O ’ ’ 

heat, 343, 394 
internal, 4, 347-9, 387-8 
ligat, 4, 171, 343, 352, 360 365 ‘ISQ 
392-3, 394, 397, 4o6T’ ’ ’ 

of tertilization, 347 
orientative, 343, 388 

uf. 316, 395-401, 405, 

reception of, 396, 398, 401 

'T9r7%lo’ 

shock, 395 
summation of, 402 
threshold value of, 388, 402-3 
transmission of; 346, 348-9 365 
S95-7, 410-11 ’ ’ 

water as, 389, 393 

398 384, 

Stomata, and transpiration, in, ii5_ 
17^ 119-21, 123-4, 152, 158, 

^"2-4, 155- 

diffiMive capacity of, 120-1, 155-9 
nieasurement of width of, 159-60 < 

movement of. conditions affecting, 

124, 159-60 

lunotional sigmflcance of, ill, 119, < 

124, 152, 158—9, 242 c 

mechanism of, 85, 160-5 J 

torage^ of fruits, 5-6, 85, 213, 216, E 

Storage regions, 49, 126, 137, 146-8 

871,8,4,388. 

Subsidiary cells, 160 ■ ^ l 

Pismts, 112, 172, 179, 268. 

314 (and later m Chap. XV) t 

Sucrose. See Cane sugar. [ 


J' Suction, pressure,. 75-7, 102-3 37*-? ■ 

Sugars also BIoiio-,/Di and 

’ ■^-^is^^ceharides),, active or 

bm^ene-oxide. Furano.o 

concentration of, and metabolic 

events, 196, 198-9, 204-5 ‘>ia 

conversion of, into \'egetable acids 
318 (and later in Chap. XV) 
deflmig properties and types of, 

fermeutetion of. .Sec Fermentation. 

in nutrient solutions, 379, 382-3 

“SStG, 43T"'’°”^ J83, 

occurrence of, 197-8, 208, 451 
oxidation of, 182, 427, 430 
production of, in photosynthesis, 
183, 197-8, 219, 224, 345 
from starch. See Starch, 
solutions of, in geneml, 451, 453 
osmotic pressure of; 470 

139, 142-7, 

“'feuS >™. 

acid, 435 

Sulphides, 184, 189, 216, 311-12 

“^7“-0 175. 188-9, 200, 

-.47 oO, 413, 435, 445-6, 448 

00**0 , ™Portanee of. 15, 

WA 38, 86, 228-9, 277, 

279-80, 456-7 

of molecules at, 15, 228, 
Surface tension, 17-19, 456-8 

forcS’of^^^'®"*^ Adhesion, 
Suspensions, 451-2, 457 
Suspensoids, 454 ! 

Syneresis, 456 

38. 145. 

205’ 191-4, 198-201, 


92 171-3, 180, 184-5, 194, 
424^5, 439, 451, 

403-5,465-6., , ., ’ . ’ 

Temperature.. coefficient, 66, 234 ->38 

■■ ■ ' '244.,: 275^' 282„, 326, 354, ,363. ' “ ’ 
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Temperature of' plants, 112,119, 223, 
260 

influence on after-ripening of seeds , 
350 

-antliocyanin formation, 343 
carbohydrate equilibria, 275-6 
coagulation of proteins, 17, 66, 
449 

enzyme-action, 21, 65-6, 216, 282 
. germination of seeds, 350 
growth, 351, 353-4, 363, 385 
hydrion concentration, 462 
metabolism, 171, 260, 324, 320 
osmotic pressure,- 469 ■ 
permeability, 79, 84 
photosynthesis, 152, 158, 221, 
225, 232, 234, 238, 240-1, 
243-5 

plant movements, 391, 394, 400 
protoplasmic activity, 5-6, '243 
respiration, 152, 232, 260, 266, 
275-6, 277, 281-3, 290 
stomata! movements, 159 
storage of fruits, etc., 6, 85, 213 
transpiration, 113-14, 117-19 
viscosity of protoplasm, 17 
water-absorption, 102, 123 
Tendrils, 346, 393, 396, 402 
Tension, transmission of, by liquids, 
132-5 

Terpenes, 171, 181, 185, 194, 212, 
415-16 

Tetrasaccharides, 192, 426, 430, 432 
Tetroses, 427 
Theobromine, 444 
Thermonasty, 389, 394 
Thiamin, 175, 181, 247, 378, 381-4, 
423, 445 

Thigmotropism. See Haptotropism. 
Thioazoie group, 23, 384, 445 
Thymine, 443 
Thymol, 414 

Time factor, 66, 283, 351, 354 
Tissue tensions, 342, 387, 471 
Titanium, 169 
Toluene, 414 
Tracheae. See Vessels. 

Tracheides, 71, 126, 129, 135, 139, 172, 
180, 220, 345 : , 

Translocation, 168, 181, 199, 202, 207, 
222, '374 : 
afeo Conduction. 

Transpiration, in general,: .71, 104, 

, 110-25, 127-8, 130, .133, 139 

also .Humidity,. .Light, 
Temperature. ,, 

and water supply, 1:18, 120-3 . 
cuticular, 111, ,.I15“17, 120., 
functional value of, 111-12,.: 138, 
223,346 

harmful consequences of, 111-12, 
123-4, 354 .: 


Transpiration, in general— oonliwwed 
mevitability of, 11 J, 152 
influence of air movement on, 
113-15,118-19,122,123 
internal regulation of, 114, 116, 
119-23, 124, 179, 394 
measurement of, 110, 112-15, 124 
pulling forces set up bv, 130-3. 
135,138 

rate of, 110, 112, 113-15, 117-23, 
133, 152, 158, 174, 179 
restriction of, 111, 152, 345 
stomatal. 111, 115-17, 119-2L 


Transpiration stream, 107-8, 111 - 12 , 
113-5,138-9 
Traumatins, 384 
Traumatropism, 398 
Triacontane, 413 

Triosephosphates, 38, 43-4, 48, 50, 53, 
55-7, 60, 68, 187, 215, 302-3, 309-10 
Trioses, 427 
Triosis, 302, 310 

Triphosphopyridine nucleotide. Sec 
Co-dehydrase II. 

Trisaccharides, 26, 67, 192, 426, 430, 
432 

Tropane, 441, 443 
Tropisms, 389 

Tryptophane, 27, 372, 442, 446-7 
Tungsten, 169 
Turanose, 431 

Turgor, 71, 73-7, 103, 106, 111 - 12 , 
120, 123-5, 128, 160, 174, 346, 
351, 411, 471 

Turgor enlargement, 103, 128, 341-2, 
354,368,373 

Turgor pressure, 75-7, 123-4, 149, 
160-1, 165 

Tyrosine, 29, 70, 191, 311, 446-7 


Ultra filtration, 453 
Ultramicroscope, 95, 453 4 

Urea, 27, 83, 188, 191, 450 

Vacuoles, formation of, 341-2 

substances found in. See Gell-sap. 
Valine, 189,446-7 

Valonia, composition of cell-sap of, 87 
Vanadium, 169 
Vanillic alcohol, 414 
aldehyde, 418 

Variation, movements of, 346, 365. 

387-9,394-5, 397,410-11 
Variegated leaves, 162-4, 199, 225. 
322-3 

Ventilating systems, 346 
Vernalization^ 385 
Vessels, 180, 220, 259, 862 

movement of sap in hiniina oL 71 
■ T2:6-7, 128, 135, 189, 172, 345 
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Viscosity, 16-17, 455 : , 

Vita! activity (or processes), 1, 3-5, 
105, 128-30, 150, 259 
Vital lieat, 360 ■ 

Vitamins, 12, , 40-4, .303, .351, 364, 
379*-84, 423, 440, 444—5, 449 


Wall pressure, 76, 342, 373 
Waste products, 71, 174, 180, 260 
Water, and stomata! movement, 120, 
159-62 

as a stimulus, 393 

as necessary for growth, 6, 71, 342, 
350-1, 365 

as raw material, 71, 174-5, 184, 196, 
199, 351 

electrical dissociation of, 461-2 
functions of, 71, 174 
general relations of vacuolated cell 
to, 71-8 

holding power of plants for, 114, 
121-5, 179 
in soils. See Soils, 
loss of. See Transpiration, 
presence and content of, in plants, 
5, 8, 15, 122, 159, 170, 177, 211, 
222, 283 

produced in metabolism, 27, 31, 
39, 61, 186, 192-4., 259-60, 269, 
312, 323, 825 
retention of, by plants, 71 
supply of, 71, 102-4, 123-5, 159, 354 
See also Absorption and 
Conduction. 

used in hydrolyses. See 
Hydrolysis. 

in photosynthesis, 154, 181, 183, 
220, 222, 231, 235, 251-5, 258 
Water balance, 123-5, 354 
Water cultures, 86, 88, 138, 166-9, 
175-8, 196, 350 

Water deficits, 119-25, 394 
Water hammer, 182 


' Waxes, 110;,.171,, 174, .179, 193-4, 433 
422-3,451 

, Wilting, 102-4, 111, 120, 123-5, 127 
152, 161, 163, 165,. 354^ 

Wilting coefficients of soils, 123-4 
Wood, as a material, 173 
as a tissue {see also Xylem), 126 
143-6 , ■ ^ 

^ .specific conductivity of, 128, 134 

Xanthone, 435 

Xanthophyll, 171, 189, 226, 230, 4]7' 
442,450 . » 

XeromorpMsm, 179, 344 
Xylans, 192-3, 426, 432, 455 
Xylem, 71, 106, 121, 126-9, 132-5. 
138-40, 150, 176, 181, 220, 345-6, 
411 

Xylose, 181, 192, 427, 430 

Yeast, cytochrome and, 36 
enzymes in, 10, 21-2, 26, 29, 34-6 
44,49-61,68,188,310 
fermentation by, 21, 50-2, 55, 60-1, 
93, 183, 188, 215, 217, 302, 309, 
429 

glycolysis in, 51-2, 56, 295, 307, 309 
growth of, 199, 205, 362, 379-80 
nitrogen (or protein) nietabolisin of, 
50, 288, 335, 372 

respiration of, 32, 34, 36, 295, 307, 
309 


Zinc, 9, 168-9 
Zymase. See Enzymes, 
fate of compounds produced by, 46, 
187, 189, 217, 276, 299-309, 

337-40 

Zymasis, 70, 213, 215-17, 265, 284-7, 
303, 327 
Zymin, 21, 68 
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